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FILMS FOR GAS SENSING APPLICATIONS] 
Major Field : [PHYSICS] 
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The work reported in this dissertation focuses on:(a) modifying the surface of ZnO-based 
thin films, and (b) assessing the effect of modification on their gas sensing applications. 
The films were made by a sputtering process. For this, two appraoches were employed. In 
the first method, the sputtered films were modified by incorporating noble metals, such as, 
Ag, Au or Pt, in the following three sequential steps. First, ZnO thin films were fabricated 
by DC reactive sputtering. Then, an ultra-thin layer of the noble metal M (M = Ag, Au or 
Pt) was deposited on the ZnO surface. Finally, M/ZnO films were annealed at different 
temperatures to obtain nanostructured morphology of M on the thin films. This strategy 
also resulted in uniformly dispersed metal nanoparticles on the metal oxide surface. The 
size and interparticle distance was controlled by parameters such as deposition time and 
annealing conditions (temperature-time). A number of techniques such as X-ray diffraction 
(XRD), Field Emission Scanning Electron Microscope (FE-SEM) Atomic Force 
Microscopic (AFM), X-ray Photoelectron Spectroscopy (XPS), and UV-Vis were 
employed for the characterization of these films.  
xxi 
 
The XRD data of the as-synthesized and annealed ZnO thin films revealed a preferential 
orientation along its c axis (002) and a peak-shift to higher diffraction angle after heat 
treatment. The grain size was calculated using Scherrer equation. It showed a systematic 
increase with increasing annealing temperature. The FE-SEM images showed that the size 
and density of the metal nanoparticles on the surface of ZnO thin films can be controlled 
by deposition time and annealing treatment. In each case, the growth of a thin layer of the 
noble metal and its continuity on the ZnO surface was confirmed from the FE-SEM 
images and XPS depth profiling. The optical properties were measured by UV–Vis 
spectrophotometry which showed reduction in the optical band gap in the post-annealed 
samples. For comparison, the sputtered Zn thin films were oxidized at very low oxygen 
partial pressure (PO2), created experimentally by different H2/H2O mixtures at different 
temperatures. The microstructural features of ZnO in this case were notably influenced by 
H2/H2O ratio and the annealing temperature.  
The gas sensing behavior of the M/ZnO films toward H2 was studied. The results showed 
that the films exhibited good response towards H2 even at very low concentration (close to 
ppb level). Among them, the performance of Pt/ZnO film was the most promising with the 
highest response and shortest response time. The optimum temperature of operation of the 
Pt/ZnO sensor was 300 ºC while for those with Ag or Au was 400 ºC. 
In the case of the ZnO thin films prepared by DC reactive sputtering of Zn film, oxidized 
in H2/H2O mixture, there was no significant change in their response toward H2 gas 
detection. However, this response time was shorter.  
 iixx
 
 ملخص الرسالة
 قاسم أحمد قاسم درموش :الاسم الكامل
 
     الخارصين لاستخدامها كمتحسسات غازيةأكسيد  أغشية رقيقة معتمدة على سطحأتعديل  عنوان الرسالة:
 
 فيزياء :التخصص
 
 م 2016يناير  :تاريخ الدرجة العلمية
 
 انمذسح ػهٗ كشف ٔرحغظ غبص انٓٛذسٔعٍٛ ٔرنك ّرظًٛى يزحغغبد نذٚ ِ انذساعخ ْٕيٍ ْز انٓذف الأعبط إ  ٌ     
ػهٗ  رشاكٛت َبَٕٚخ انجُٛخبفخ . انطشٚمخ الأٔنٗ رًضهذ ثإض ثطشٚمزٍٛ عذٚذرٍٛ انخبسطٍٛزؼذٚم عطح يبدح أكغٛذ ث
ٍٛ. رًذ ػًهٛخ إضبفخ انًؼبدٌ رشًم انفضخ ٔانزْت ٔانجلار ْٔزِ،  انخبسطٍٛأعطح أغشٛخ سلٛمخ يٍ يبدح أكغٛذ 
يٍ خلال صلاس يشاحم. فٙ انًشحهخ الأٔنٗ رى رشعٛت  انخبسطٍٛانًٕاد انًؼذَٛخ َبَٕٚخ انجُٛخ إنٗ أعطح سلبئك أكغٛذ 
ٔفٙ انخطٕح انضبَٛخ رى او عٓبص انزشعٛت ثبنشػ انًٓجطٙ ،ػهٗ صعبط ثبعزخذ انخبسطٍٛطجمخ سلٛمخ يٍ يبدح أكغٛذ 
أٚضب ً ثبعزخذاو عٓبص  انخبسطٍٛٔ ثلارٍٛ) ػهٗ عطح أكغٛذ أٔ رْت أؼبدٌ (فضخ يٍ أحذ انً سلٛمخرشعٛت طجمخ 
َبَٕٚخ يٍ خلال رغخٍٛ  رشاكٛتانزشعٛت ثبنشػ انًٓجطٙ ، ٔفٙ انخطٕح الأخٛشح رى رحٕٚم طجمخ انًؼذٌ انشلٛمخ إنٗ 
  د صيُٛخ يخزهفخ.ػُذ دسعبد حشاسح يخزهفخ ٔنفزشا انخبسطٍٛطجمخ انًؼذٌ انشلٛمخ انًزشعجخ ػهٗ عطح أكغٛذ 
ثؼذ ػًهٛخ إَزبط الأغشٛخ انشلٛمخ فٙ كهزب انطشٚمزٍٛ  رى فحظٓب ثبعزخذاو انؼذٚذ يٍ الأعٓضح ، حٛش رى اعزخذاو عٓبص 
 يغٓشانًبعح الإنكزشَٔٙ  انًغٓشحٕٛد الأشؼخ انغُٛٛخ نذساعخ انخظبئض انجهٕسٚخ نهًٕاد انًُزغخ ، كًب رى اعزخذاو 
الإنكزشٌٔ  -. أيب عٓبص يطٛبف ّنًٕاد انُبَٕٚخ انًزكَٕخ ػهٛٔأثؼبد يبدح أكغٛذ انخبسطٍٛ ٔ اانمٕٖ انزسٚخ نًؼشفخ شكم 
فٙ انضٕء  الايزظبصنذساعخ يؼشفخ يكَٕبد انًٕاد انًُزغخ ، ٔرى أٚضب ً اعزخذاو عٓبص  اعزخذايّفمذ رى  -انضٕئٙ 
 انًشئٙ ٔفٕق انجُفغغٙ نذساعخ انخظبئض انجظشٚخ نلأغشٛخ انشلٛمخ .
كغٛذ انخبسطٍٛ فٙ ٓزِ انطشٚمخ اَزظبو ثهٕساد يبدح أانًُزغخ ثُٛخ نهشلبئك شؼخ انغٛشد َزبئظ عٓبص حٕٛد الأأظٓ 
كغٛذ انخبسطٍٛ  ٔصٚبدح فٙ اَحشاف صأٚخ لاحظخ ٔعٕد صٚبدح فٙ حغى ثهٕساد أرى ي كًب) 000(الارغبِ انجهٕس٘
ٌ رشاكٛت َبَٕٚخ يٍ ركٕ الانكزشَٔٙانًبعح  ًغٓشان. كًب أظٓشد طٕس  دسعخ حشاسح رغخٍٛ انشلبئكانحٕٛد ثضٚبدح 
ٔحغى ْزِ انزشاكٛت ٚزغٛش ثزغٛش دسعبد  كضبفخ ٌأانذساعخ انًؼبدٌ ػهٗ أعطح عغًٛبد أكغٛذ انخبسطٍٛ ٔٔعذد 
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ٛت انُبَٕٚخ ػهٗ كغٛذ انضَك ٔانزشاكيب عٓبص يغٓش انمٕح انزسٚخ فمذ أٔضحذ أٌ كلا يٍ أأانحشاسح ٔصيٍ انزشعٛت  
ٔضح رغٛش فٙ لًٛخ  فمذ  فٙ انضٕء انًشئٙ ٔفٕق انجُفغغٙ يب عٓبص الايزظبصشكم أػًذح َبَٕٚخ أعطحّ ركَٕذ ث
 طبلخ انفغٕح ثزغٛش دسعخ انحشاسح.
يٍ  انخبسطٍٛرًضهذ فٙ رغٛٛش طجٛؼخ عطح أكغٛذ  انخبسطٍٛفٙ رؼذٚم عطح أكغٛذ  اعزخذيذانطشٚمخ انضبَٛخ انزٙ 
، رى حغبة لًٛٓب  انًحضش ثغٓبص انشػ انًٓجطٙ ػُذ رشاكٛض يُخفضخ عذا نلأكغغٍٛ انخبسطٍٛح يبدح خلال أكغذ
الأكغغٍٛ رًذ يٍ خلال انزحكى ثكًٛخ انٓٛذسٔعٍٛ  ثزشكٛضػًهٛخ انزحكى  . إ  ًٌانذُٚبيٛكب انحشاسٚخٍ ثُبء ػهٗ لٕاَٛ
 إنٗ ٍٛانخبسط سلبئكص حٕٛد الأشؼخ انغُٛٛخ رحٕل أظٓشد َزبئظ عٓب زٙ ٚزى إدخبنٓب إنٗ فشٌ انزغخٍٛ.ٔثخبس انًبء ان
خ يئٕٚخ ػُذ رشاكٛض يُخفضخ يٍ دسع 000يٍ  أػهٗػُذ دسعخ حشاسح  انشلبئككغٛذ انخبسطٍٛ ٔرنك ثزغخٍٛ ْزِ أ
انزٙ رى  انشلبئكفمذ ثٍٛ ٔعٕد فشٔلبد ٔاضحخ فٙ انطجٛؼخ انشكهٛخ لأعطح  الإنكزشَٔٙيب عٓبص انًبعح الأكغغٍٛ أ
 رغخُٛٓب.
نظُبػخ يزحغغبد غبصٚخ ، ٔرى انزشكٛض  لٛمخ انًُزغخ ثبنطشٚمزٍٛ أػلاِانذساعخ أٚضب ً اعزخذاو الأغشٛخ انش ْزِرى فٙ 
 انذساعخ ػهٗ غبص انٓٛذسٔعٍٛ ٔغبص صبَٙ أكغٛذ انُٛزشٔعٍٛ ٔغبص الأيَٕٛب. ْزِفٙ 
ػهٗ غبص انٓٛذسٔعٍٛ ؛ إلا أٌ َزبئظ ْزِ انذساعخ أٔضحذ أٌ عًٛغ الأغشٛخ انشلٛمخ انًُزغخ لبدسح ػهٗ انكشف 
أظٓشد اعزغبثخ ػبنٛخ حزٗ ػُذ يٍ يبدح انجلارٍٛ َبَٕٚخ زشاكٛت انًؼذل عطحّ ث انخبسطٍٛالأغشٛخ انشلٛمخ لأكغٛذ 
 عضء يٍ ثهٌٕٛ عضء) يمبسَخ ثغٛشْب يٍ الأغشٛخ انشلٛمخ . حٕانٙض انًُخفضخ عذا ً(انزشاكٛ
انحشاسح فٙ كفبءح رحغظ غبص انٓٛذسٔعٍٛ ، ٔلذ ثُٛذ انذساعخ ٔعٕد انذساعخ أٚضب ً دساعخ رأصٛش دسعخ  ْزِرى فٙ 
ػلالخ لٕٚخ ثٍٛ كفبءح انزحغظ ٔدسعخ انحشاسح ؛ ففٙ حٍٛ كبَذ دسعخ انحشاسح انًلائًخ نهكشف ػٍ غبص انٓٛذسٔعٍٛ 
انغبص  و كبَذ انحشاسح انًُبعجخ نزحغظ َفظ°  000ثًبدح انفضخ ٔ يبدح انزْت  عطحّانًؼذل  انخبسطٍٛلأكغٛذ 
 و. º 000 ذػُنجلارٍٛ انًؼذل ثب انخبسطٍٛلأكغٛذ 
(عًك طجمخ انجلارٍٛ ػهٗ  انخبسطٍٛانذساعخ أٚضب ً دساعخ رأصٛش صيٍ رشعٛت انجلارٍٛ ػهٗ عطح أكغٛذ  ْزِرى فٙ 
رى أٚضب ً يمبسَخ  )  ؛ ٔ ٔعذد انذساعخ أٌ فبػهٛخ انكشف رضداد كهًب لم صيٍ انزشعٛتانخبسطٍٛعطح يبدح أكغٛذ 
انًحضش ثبنطشٚمخ انضبَٛخ ؛ ٔ ٔعذ أٌ  انخبسطٍٛانُمٙ انًحضش ثبنطشٚمخ الأٔنٗ يغ أكغٛذ  انخبسطٍٛحغظ أكغٛذ ر
 .هخ يٍ الأكغغٍٛ) أعشعفٙ كًٛبد لهٛ انخبسطٍٛانًحضش ثأكغذح  انخبسطٍٛصيٍ الاعزغبثخ فٙ انحبنخ انضبَٛخ (أكغٛذ 
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CHAPTER 1 
INTRODUCTION 
1.1 BACKGROUND 
 
When atoms of any solid material interact to form an element or compound, their energy 
levels combine to form bands of energy. The band of energy occupied by electrons at 
absolute zero temperature is called the valence band (VB). On the other hand, the lowest 
empty energy band is called the conduction band (CB). The energy difference between 
the bottom of the conduction band (Ec) and the top of the valence band (Ev) is called band 
gap (Eg). Materials can be classified based on the band gap into three categories (Fig. 
1.1): (i) insulators (large gap), (ii) semiconductors (small gap) and (iii) conductors (no 
gap). 
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Figure ‎1.1. Schematic band diagrams for (i) an insulator, (ii) a semiconductor, and 
(iii) a conductor 
 
Semiconductors are materials having electrical conductivities between those of 
conductors and insulators. They can be classified into two general groups: elemental 
semiconductor materials such as Si and Ge and compound semiconductor materials such 
as GaAs, ZnO and InP. Semiconductors are also classified into two categories: Intrinsic 
and Extrinsic. Intrinsic semiconductors, sometimes called undoped semiconductors, have 
equal numbers of negative charge carriers (electrons) and positive charge carriers (holes). 
Most intrinsic semiconductors are chemically very pure and show poor conductivity [1].  
Extrinsic semiconductors, on the other side, are semiconductors with small amounts of 
impurities added by a process, known as doping, which alters the electrical and optical 
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properties of the semiconductor. Doping semiconductors can be divided into: n-type and 
p-type. In n-type semiconductors, there are many occupied electron energy levels that can 
be excited into the conduction band. On the other hand, p-type semiconductors have 
unoccupied electron levels above the valance band that allow excitation of valence band 
electrons leaving conducting holes behind [2].   
The Fermi energy level for the intrinsic semiconductor is called intrinsic Fermi energy 
(EFi) and it is related to the concentration of electrons (ni) and holes (pi) in the conduction 
and valence band respectively by the following formulas: 
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Where Nc and Nv represent the effective density of states in the conduction and valance 
band respectively, and given by: 
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where mn and mp are the effective mass of electron and hole respectively. From the above 
two equations, it can be seen that the EFi would be exactly in the center of the band gap if 
mn = mp [3]. However, the Fermi energy level of n-type and p-type semiconductors are 
shifted as presented in Fig. 1.2. 
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Figure ‎1.2.  Energy band diagram of a) intrinsic b) n-type c) p-type semiconductors 
  
 (EC - ED) represents the energy necessary to release the electron from the atom (donor) to 
the conduction band and (EA – EV) denotes the energy required to release an electron 
from the valence band to the atom (acceptor).   
 It is worth mentioning that the position of the Fermi level also depends on the 
temperature. The temperature dependence of the Fermi level is given by the following 
equations: 
 Intrinsic semiconductor (n0 = p0)                             
n-type semiconductor (ND >> NA)                  
p-type semiconductor (NA >> ND)                  
 
 1.3 
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The variation of the band gaps of semiconductors with temperature is given by Varshni 
empirical expression [4]:  
2
( ) (0)
( )
g g
AT
E T E
T B
 

                                                                                      1.4 
Where Eg(0) is the band gap at zero Kelvin; A and B are constants for a given material. 
For ZnO, A and B are 3.386 eV, 6 *10
−4
 eV/K, respectively [5].  
1.2 ZINC OXIDE (ZnO) 
 
ZnO is an n-type semiconductor with energy band gap (3.17-3.37 eV) [6]. It exists in any 
of three main crystallographic forms: wurtzite, zincblende and rocksalt. Rocksalt 
structure is usually obtained at relatively high pressure while zincblende can be stabilized 
only on cubic substrates. Wurtzite is the stable at near ambient conditions. It crystallizes 
in hexagonal form with a = 3.249 Å, c = 5.205 Å (Fig. 1.3) [7]. More information about 
ZnO is also listed in Table 1.1. The binary oxygen-zinc phase diagram is shown in Fig. 
1.4. Zinc melts at 420 °C and boils at 1974°C. Sublimation of ZnO is appeared by 
breakdown: 
ZnO                      Zn (gas) + 0.5 O2 (gas) 
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Figure ‎1.3.  Crystal structure of wurtzite ZnO 
 
Table ‎1.1 Physical properties of ZnO [8]. 
Properties Value 
Density 5.60 g/cm
3
 
Melting point 2247 K 
Band gap at room temperature 3.37 eV 
Thermal conductivity 25 W/m.K at 20 ᵒC 
Electron effective mass 0.24 me 
Hole effective mass 0.59 me 
 
 
7 
 
 
Figure ‎1.4. Zn-O binary phase diagram (P = 1atm.) [9] 
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Depending on different parameters such as method of the preparation, doping, and 
annealing, the conductivity of ZnO ranges from 10
-17
 ohm
-1
 (insulator) to 10 
3 
ohm
-1 
(semiconductor) [9]. 
 
Figure ‎1.5. Energy level diagram of intrinsic defects in ZnO [8] 
It is reported that defects play an important role in the optical properties of ZnO. For 
instance, Vanheusden et al. [10] found that oxygen vacancies are responsible for the 
blue/green luminescence in the ZnO. The visible luminescence of ZnO can also be due to 
certain defects in the ZnO matrix which can trap electrons and radiate photons [11]. 
Figure 1.5 shows the energy levels created by different native defects. Those energy 
levels can have different effects on the optical properties of ZnO. Visible 
photoluminescence in regions of orange, green, blue, and violet is caused by radiative 
transition emission from deep donor levels of neutral zinc interstitials (Zni) to acceptor 
levels of singly ionized oxygen interstitials (Oi-), singly ionized zinc vacancies (VZn-), 
neutral zinc vacancies (VZn), and valence band, respectively [8].   
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1.3 ZnO THIN FILMS 
 
Thin films are a thin layers of solid material deposited on a solid support called substrate 
by controlled condensation of the individual atomic or molecular species [13]. On the 
other hand, films fabricated by allowing paste or dispersion of the material to dry on a 
substrate are called thick films [13]. In general, there are three main steps in any thin film 
fabrication:(i) separation of atomic, molecular and ionic species from target either by 
heat, electric potential field or laser energy, (ii) transportation of particles to substrate, 
and (iii) condensation of particles on substrate. The nucleation of thin films can be 
described by three nucleation modes [13]: (i) island growth (Volmer – Weber), ii) layer-
by-layer growth (Frank – van der Merwe), and (iii) Stranski – Krastanov (mixed growth). 
For the case of Volmer-Weber modes (Fig. 1.6 (a)), condensed atoms are more strongly 
bound to each other than to the substrate leading to the growth of islands of particles on 
the surface of the substrate. In the Frank–van der Merwe modes (Fig. 1.6 (b)), condensed 
atoms are more strongly bound to the substrate than to each other resulting in growth of 
layers of particles on the surface of the substrate. In the Stranski-Krastanov mode (fig 1.6 
(c)), condensed atoms start to grow as a layer by layer up to certain thickness  followed 
by the formation of islands. 
Different methods are used to synthesize ZnO thin films; this includes pulsed laser 
deposition (PLD) [14 -17], chemical vapor deposition (CVD) [18-21] and sputtering [22-
34]. 
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Figure ‎1.6. A schematic depiction of the nucleation of thin film (a) Volmer-Weber, 
(b) Frank-Van der Merwe and (c) Stranski-Krastanov 
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1.4 ZnO THIN FILMS THROUGH SPUTTERING TECHNIQUE 
 
Sputtering is a high vacuum process in which target atoms are ejected from the surface of 
the target due to bombardment of the surface by energetic particles, and then deposited 
on a substrate.  In sputtering, there are two mains operation modes: DC (direct current) 
and RF (radio frequency).   
 
Figure ‎1.7. A schematic of DC sputtering system 
 
In DC mode, an inert gas such as Ar is used as a working gas. By applying the electrical 
potential between the cathode (conducting target) and the anode (substrate) in a high 
vacuum chamber (Fig. 1.7), a few electrons present in the chamber from the background 
of the chamber are accelerated towards the substrate (anode). The kinetic energy is 
supplied by the difference in potential between the electrodes. If the accelerated electrons 
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have sufficient energy, they can ionize neutral gas particles (e.g. Ar) through inelastic 
collisions via the following reaction [35]: 
e
Ar2eAr 
The process results in two electrons that can be used to further ionize the gas atoms. The 
resulting gas ions (Ar+) are accelerated towards the cathode (target) and the energy of the 
accelerated ions are transferred to the target atoms to break the bonds that hold the atoms 
in the solid target. These ejected atoms can travel toward the substrate and deposit to 
form a film [36]. Fig. 1.8 shows the sputtering system (Model: NSC 4000 manufactured 
by Nanomaster, USA) used for preparing Zn, ZnO and M/ZnO (M= Ag, Au and Pt) thin 
films that used for gas detection. 
 
Figure ‎1.8  The DC and RF sputtering machine at CENT- KFUPM 
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1.5  ZINC OXIDE GAS SENSORS 
 
Gas sensors are devices that detect the presence of gases in the ambient. Gas sensors 
often act as safety alarms or as process control parameters in industrial applications. 
Metal oxide-based gas sensors translate the concentration of gaseous chemical species 
into electrical signals [37]. The variation in the resistance (increase or decrease) of the 
ZnO sensor depends on the nature of the sensing materials (n-type or p-type) and the type 
of the gas (oxidizing or reducing). There are many qualities that are used to evaluate the 
quality of any sensor. These include: selectivity, response, speed of response (response 
and recovery time), detection limit and stability. Stability of the sensor is the ability to 
keep its performance steady for a period of time. Response (many references named it 
sensitivity) of gas sensing, on the other hand, can be defined as [38,39]: 
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where Rair stands for the resistance of gas sensors in air  and Rgas stands for the resistance 
of the sensor in target gases. Selectivity is the ability of a sensor to measure a 
concentration of a gas in presence of other gases. Response time is the time required for 
reaching 90% of the total resistance change.  
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Even though the films made with ZnO were one of the earliest materials that showed 
sensing ability toward oxidizing and reducing gases [40], they suffer from long response 
recovery time and exhibit low response and prominent cross-selectivity. Several 
strategies have been employed to enhance their performance including annealing [41-42], 
doping [43-45], or compositing [46,47]. Recently [48-50], it has been reported that 
addition of uniformly dispersed metal (such as gold, platinum or palladium) nanoparticles 
on the ZnO surface was beneficial in enhancing the interaction between the gas of interest 
and the film surface with adsorbed oxygen.  
1.6 IMPORTANCE OF HYDROGEN DETECTION 
 
Hydrogen is colorless, odorless and tasteless. Moreover, H2 is the lightest gas used 
extensively in a large number of industrial processes. It is also the fuel of choice for the 
low temperature proton exchange membrane (PEM) and the solid oxide fuel cells 
(SOFCs) towards future technology with lower carbon footprints. H2-based PEMFCs are 
projected to be used in automobiles for higher efficiency, better mileage and practically 
no exhaust pollution. In addition, there are already hydrogen filling stations in the US, 
Europe and Japan for the fuel cell-based buses and cars. However, hydrogen when 
present in concentrations to 4 vol. % (40, 000 ppm) forms an explosive mixture with air. 
Thus, it's pronounced volatility and the prospect of easy escape due to leaks lead to the 
build-up of an explosive mixture with air in confined spaces, such as in automobiles. 
Thus, there is a genuine need for sensing H2 at extremely low (~ 1500
th
 of the lower 
explosive limit) concentrations.  
 
15 
 
1.7 LITERATURE REVIEW 
 
The first ZnO-based gas sensor was reported in 1962 by Seiyama et al. for the detection 
of ethanol [40]. This work was based on the variation of electrical properties of the ZnO 
exposed to reducing gas. This phenomena was reported for the first time by Wanger et al. 
in 1950 [51]. After that, many kinds of semiconductor oxides were used as gas sensing 
materials for different gases. For H2 detection, several types of semiconductors oxides 
were investigated, including WO3 [52,53], SnO2 [54-60], MoO3 [61,62], Nb2O5 [63,64], 
ZrO2 [65], In2O3 [66,67], TiO2 [68-69], FeO [70], NiO [71,72], Sb2O5 [73]. ZnO in 
different formats, such as, thick and thin films [74,75], nanowires [76,80], nanorods 
[81,87], and nanotubes [88,89] were used as hydrogen gas sensor. ZnO thin films were 
one of the earliest materials that showed sensing ability toward reducing gases such as 
H2. Yet they suffer from long response recovery time, and exhibit low response compared 
with ZnO nanorods and nanowires. In the last few years, scientists have been focusing on 
improving high performance gas sensors by modifying the surface of ZnO thin films by 
different methods, including doping or compositing. In the following section, the results 
of recent published papers related to improving the gas sensing performance toward H2 
by modifying the surface of ZnO thin films will be discussed.   
 Impurity doping is one of the most efficient methods used for enhanced H2 sensing.   
Galstyan et al. [90] doped ZnO with aluminum using high frequency magnetron 
sputtering and succeeded to produce good response time for hydrogen concentration 
between 1000 ppm and 5000 ppm (about 200 seconds at 5000 ppm).  
K. Vijayalashmi et. al. [91] investigated the effect of magnesium (Mg) doped ZnO thin 
films. They used spray pyrolysis method to prepare ZnO thin films doped by 1%, 2%, 3% 
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and 4% of Mg and they measured the resistance change under hydrogen atmosphere at 
concentration of 100, 200, 300 and 400 ppm. Their results showed that the response and 
recovery times are improved at 3% Mg concentration.  
Y. Liu et al. [92] also prepared Mg doped ZnO thin films fabricated using PLD technique 
for hydrogen gas detection. Based on their work, Mg doped ZnO thin films showed much 
higher hydrogen sensing performance compared with the undoped ZnO thin film. For 
instance, the gas response of doped ZnO thin films was 98 % for 5000 ppm of hydrogen 
at 300 °C while the response of  undoped ZnO thin films at the same conditions was 
about 60% . 
K. Vijayalashmi et al. [4-93] studied the influence of annealing temperature on the 
properties of ZnO thin films for hydrogen sensing. According to their work, by annealing 
ZnO thin films at 400 °C properties such as the morphology and crystalline quality 
improved. In addition, they found that the magnitude of sensor response increased as the 
crystal size increased which was explained due to the mesoporous size of annealed ZnO 
thin films. However, increasing saturated at 500 ppm and this saturation was explained 
by the fact that the gas molecules covered the whole surface of the sample. 
The effect of annealing, temperature and electrode structure of ZnO nanorods fabricated 
by using thermal methods was investigated by Torun and his group [94]. In their work, 
they showed that annealing ZnO nanorods in air at 200 
°
C lead to short hydrogen sensor 
response time compared with as deposited ZnO nanorods. They justified this decreases 
due to the decreasing oxygen vacancies of the ZnO nanorods by heating in air.  
B. Mondal et al. [95] recently prepared ZnO-SnO2 composite material using a chemical 
route to be used as hydrogen gas sensor. They used a solution of zinc acetate dehydrate 
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and stannic chloride pentahydrate in polyvinylalcohol to prepare ZnO-SnO2 composite. 
Then they studied the effect of annealing on the sensing characteristics. According to 
their results, ZnO-SnO2 composite showed higher response compared with pure ZnO and 
pure SnO2 due to the formation of ZnO-SnO2 hetero-junctions.  
The effect of the substrate of the sputtered ZnO thin films on the detection of hydrogen 
gas at room temperature has been reported in the literature [96]. ZnO thin films were 
deposited by RF-sputtering on two different substrates: polyethylene telephthalate (PET) 
and quartz. ZnO thin film deposited on the PET substrate showed better sensitively at low 
temperatures compared with ZnO thin films on quartz that showed no response toward H2 
gas at operation temperatures less than 100 
°
C.  
J. Eriksson and his group [97] compared between the effect of ZnO nanoparticles and 
polycrystalline ZnO thin films on gas sensing. Based on their work, ZnO nanoparticles 
show higher response for oxygen gas detection compared with polycrystalline ZnO thin 
films.  
P. Mitra and H.S. Maiti published an article about ZnO thin films sensors [98]. In their 
work, ZnO thin films were synthesized using dip-coating technique and used as a gas 
sensor for 3 vol% hydrogen. One of the major results in this work was that the hydrogen 
has poor recovery time when it was mixed with air comparing with hydrogen mixed in 
nitrogen.   
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1.8 THESIS OBJECTIVES  
 
There are four main objectives to this dissertation: 
1) Modify the surface of sputtered ZnO thin film via incorporating nanostructures of 
(Ag, Pt, Au).   
2) Control the oxidation of Zn thin films in H2/H2O mixture.  
3) Investigate the optical, electrical, morphological and compositional properties 
using different techniques.  
4) Test the prepared thin films for hydrogen sensing.  
These objectives were achieved by carrying out the following tasks: 
Task 1 Modify the surface of sputtered ZnO thin film by incorporating 
nanostructures of (Ag, Pt, Au).  
 Synthesis of pure ZnO thin films using DC reactive sputtering.  
 Synthesis of thin layer of metals using DC sputtering on the ZnO thin 
films (M/ZnO) M= Ag, Au and Pt. 
 Transform the metal layer to nanostructures by post annealing of (M/ZnO) 
thin films at different  temperatures in different atmospheres.  
 Control the density and the size of the metal nanostructures by varying the 
deposition time and the temperature. 
Task 2 Controlled oxidation of Zn thin films in H2/H2O mixture.   
 Synthesis of pure Zn thin films using DC sputtering.  
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 Built a set-up for establishing the desired partial pressure of oxygen 
(PO2). 
 Investigate the effect of changingPO2on the properties of ZnO thin film 
that oxidized in H2/H2O mixture.  
 Investigate the effect of annealing temperature on the properties of ZnO 
thin film oxidized by annealing Zn thin film in H2/H2O mixture.  
 
Task 3 Investigate the optical, electrical, morphological and compositional 
properties using different techniques. 
           The films fabricated in task 1 and 2 will be characterized by:     
 X-ray diffraction (XRD).  
 X-ray Photoelectron Spectroscopy (XPS). 
 Field Emission Scanning Electron Microscope (FE-SEM). 
 Atomic Force Microscope (AFM). 
 UV-Vis Spectroscopy.  
Task 4 Test the prepared thin films for hydrogen sensing.  
 Evaluate the gas response and response time performance for the 
detection of hydrogen for different modified sensors.  
 Test the selectivity of the prepared sensors by comparing the 
response of the sensor toward H2 with the response toward another 
reducing gas such as ammonia (NH3) and oxidizing gas such as 
nitrogen dioxide (NO2). 
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 Explain the gas sensor behavior through a proposed physical 
mechanism.  
1.9 THESIS ORGANIZATION 
 
This thesis is organized as follows. In chapter one, the background to the thesis has been 
introduced. This background includes general information about semiconductors, thin 
films, zinc oxide, sputtering technique and gas sensing. In addition, a review in the 
scientific literature of the ZnO-based thin films for detecting hydrogen is reported. In 
chapter two, the techniques used to conduct the fabricated thin films are described. In 
chapter three, we introduce a simple method for modifying the surface of sputtered ZnO 
by three different metals (Ag, Au, Pt). We also present results which show the optical, 
compositional and structural properties of the prepared films. In chapter four, we 
investigate the effect of changing PO2 and annealing temperature on the properties of 
ZnO thin film oxidized in H2/H2O mixture. In chapter five, the performance of pure ZnO 
and M/ZnO (M = Ag, Au or Pt) thin films fabricated by DC reactive sputtering and 
oxidized in air or H2/H2O mixtures toward H2, NH3 and NO2 gas sensing is studied. In 
chapter six, we conclude the thesis. 
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CHAPTER 2 
THIN FILM CHARACTERIZATION TECHNIQUES 
This chapter will describe the characterization techniques used to conduct the research 
presented in this dissertation. A variety of analysis techniques were applied for the 
characterization of thin films including XRD, FE-SEM, XPS, AFM and UV-Vis. 
2.1 X-RAY DIFFRACTION (XRD) 
XRD is a technique used for investigating crystalline structure of solids including 
determination of crystallinity, crystallite size (grain size), and orientation of single 
crystals. It is also commonly used for the determination of the lattice constants of the 
crystal. The basic principle of XRD depends on the interaction between the incident 
monochromatic X-rays with the electrons in the atoms of the material being tested. If the 
incident X-ray waves (with wavelength  )  diffracted from the sample are in phase, they 
interfere in a constructively and the X-ray detector registers large counts. This happens 
when the Bragg condition is satisfied, namely,  
2 sin 2.1n d   
where θ‎ is‎ Bragg‟s angle, n is the order of diffracted beam and d is the atomic plane 
spacing (Fig. 2.1). 
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                             Figure ‎2.1. A schematic of diffraction of x-rays by a crystal 
XRD peaks are often sharp. Yet, broadening of these peaks is caused due to different 
reasons. These include [99]: 
1. The size of the crystallites. 
2. Instrumental factors. 
3. Variation in sample strain. 
The theory and the information that can be extracted from the X-ray diffraction peak 
broadening will be discussed in details in the following sections.  
The crystal size can be calculated using the well-known equation called Scherrer 
equation. This formula can be derived as follows: Starting‎with‎Bragg‟s‎law‎in‎equation‎
2.1 and by multiplying both sides of the equation by an integer m such that m×d = t, the 
thickness of the crystal. At n=1, this leads to:  
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2 sin 2.2m t   
By differentiating both sides of equation (2.2): 
0 2 sin 2 cos 2.3t t       
 Since we are only interested in positive   so.  
sin
2.4
cos
t
t

 



 
Since d is the smallest increment in t, we can write △t‎=‎d,‎and‎substituting‎λ\2‎for‎sinθ‎
(from‎Bragg‟s‎law): 
2.5
2cos
t

 


 
 Substituting‎β for, the angular width2△θ, equation 2.5 becomes:     
2.6
cos
t

 
                  
Which‎is‎the‎Scherrer‟s‎equation. 
A more sophisticated analysis [100] adds a factor (0.9) to the right hand side of equation 
(2.6) which leads to the corrected Scherrer‟s‎equation: 
 
0.9
2.7
cos
t

 
  
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Due to the simplicity of this technique to estimate the average grain size, there are many 
references that use this formula in metals, metal oxides and composites. It is important to 
realize, however, that the Scherrer formula provides only an approximate value of the 
average grain size of the crystalline materials.    
XRD spectra are used to analyze strain in the crystallites. Basically, there are two types 
of stress in materials: compressive and tensile stress, and if the crystallite is strained then 
the “d spacing”‎changes according to the type of the stress. A compressive stress would 
make the “d spacing”‎smaller‎whereas‎a‎tensile‎stress‎would make the “d spacing”‎larger. 
The strain (ε) in materials can be estimated by differentiating Bragg's Law and relating 
the strain to the differential‎δd/d. It turns out that the angular width is related to the strain 
by [101]: 
β = 4 ε‎tanθ 
Since the crystallites constituting the sample usually do not have the same shape and size, 
Williamson and Hall [101,102] combined the Scherrer equation with the strain effect 
through the following relation:  
4 tan 2.8
cos
k
t

  

   
By rearranging equation (2.8):  
cos 4 sin 2.9
k
t

      
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A‎plot‎of‎β‎cos θ along the y-axis vs. sin θ  along x-axis, one can estimate the grain size 
from the y-intercept‎and‎the‎strain‎ε‎from‎the‎slope. 
In this work, an XRD (Shimadzu 6000) with Cu K  irradiation‎at‎λ‎=‎1.5406 
0A  located 
in the KFUPM Physics department was used to determine crystalline phase, average 
crystallites size, and strain. 
2.2 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 
XPS is an analytical technique that provides the elemental composition and chemical 
state of the sample elements that exist beyond H and He. A typical XPS system consists 
of the following (see Fig.  2.2): a monochromatic X-ray source, an electron energy 
analyzer and an ultra-high vacuum chamber. XPS is based on the ejection of an electron 
from a core level by the X-ray photon of energy . The electron energy is then analyzed 
by the electron spectrometer, and the results are shown usually as a graph of electron 
intensity against the binding energy BE of the ejected electrons. The kinetic energy  of 
the electron is the experimental property measured by the spectrometer but it is related to 
binding energy BE, which has characteristic values for each atom through the Einstein 
equation: 
kBE hv E                                                                                                           2.10 
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Figure ‎2.2. Schematic illustration of XPS main components 
An XPS spectrum can have five types of peaks [103]: 
1- Photo-emission from the core electron levels: this kind of peak appears when the 
sample is exposed to an X ray leading to removed electrons (called photoelectron) 
from the core levels. The energies of the emitted photoelectrons are characteristic 
of their original electronic states. The intensities of these peaks are proportional to 
the number of atoms exposed to the X-rays.  
2- Auger emission can be considered as a result of involving three basic steps: in the 
first step electron remove electron from the core level (inner shell) of atoms 
leading the atom to become ionized. In the second step, the atom will quickly 
return to its normal state after refilling the inner electron vacancy with an outer 
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shell electron. In the last step, Auger electron, or X-ray, will be emitted with an 
energy equal to the difference between the outer shell electron and the inner shell.   
3- Shake-up satellite is a ghost peak that occurs from interaction between a 
photoelectron and a valence electron and no useful information can be obtained 
from this kind of peaks.   
4- Multiplet splitting peaks occur in a compound that have unfilled atomic shells 
containing unpaired electrons. These kinds of peaks are useful for chemical 
analysis to distinguish between compounds. For example, one can differentiate 
between Ni(OH)2 and NiO where 2P3/2 in NiO has multiplet splitting peak 
whereas Ni(OH)2  does not. 
5- Plasmon loss occurs when some of the energy of a photoelectron is lost due to the 
collective oscillations of conduction electrons in the metal sample. No useful 
information can be obtained from this kind of peak. 
In our work, an XPS Model ESCALAB 250 Xi from Thermo Scientific having energy 
resolution of ±0.1 eV equipped with Al-Kα‎monochromatic‎X-ray radiation located in 
Physics department was used to study the elemental composition and the composition 
variation of the surface layer with thickness of the prepared thin films. 
2.3 UV-VIS SPECTROSCOPY 
UV-Vis absorption spectroscopy is a technique that is used to measure the optical 
properties (absorption, transmission, reflection) of different solid and liquid materials in 
the near infra-red, visible and near ultra violet region. Typically, an UV-Vis spectrometer 
consists of a source of light, sample holder, reference cell and detector.  
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The optical absorption for direct band gap semiconductor thin films is given by 
[104,106]: 
                                                                                                2.11 
Where  = absorption coefficient and Eg = optical band gap energy in eV. 
The absorption coefficient ( ) is calculated by [107,108]  
                                                                                                         2.12 
Where T and  d are the transmittance and the film thickness respectively.  
Band gap of the films can be calculated using equation 2.11 and 2.12 by the linear 
extrapolation of the plot of (  versus  to the energy axis. 
In the present work, UV-Vis spectra were obtained using a double beam scanning 
spectrometer (Model JASCO V-570).  
2.4 FIELD EMISSION SCANNING ELECTRON MICROSCOPE (FE-
SEM) 
FE-SEM is one of the advanced techniques that can be utilized for inspecting tiny 
structures on the surface of a solid and provides an idea about the local composition on 
the surface of the sample. The main idea of FE-SEM technique is that electrons are 
liberated from a filament placed in a high electrical potential gradient and then these 
electrons applied to scan the sample of interest. Compared to scanning electron 
microscopy (SEM) in which the electrons are thermally emitted by applying an electrical 
current, the electrons are generated in FE-SEM by exploiting a field emission gun. This 
most increases the density of generated electrons and provides better resolution image 
than SEM.    
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The main components of the FE-SEM including an electron emission source, condenser 
lens, scan coils, objective lens, sharp tungsten tip, an appropriate detector (scintillator) 
and photomultiplier tube. The electrons are ejected by applying a potential to an anode. 
The electrons are ejected and accelerated to higher energy by applying a high potential to 
the second anode. Better resolution is achieved by controlling the diameter of the released 
electrons using a condenser lens that generate narrow beams. The narrow beam of 
electrons is then focused over the sample by scan coils and objective lenses. As the 
electron beam bombards the surface of the sample, electrons are emitted off the sample 
and are directed to a scintillator. Then, the scintillator generates photons in response to   
these incident electrons. These photons are then amplified and detected by a 
photomultiplier to give signals. Various signals such as secondary electrons (SE), 
backscattered electrons (BSE) and X-ray are generated during the interaction between the 
incident electron beam and the sample surface. SEs are generated when the primary 
electrons collide with atoms in the sample inelastically, causing the specimen atom to 
ionize [109]. In BSE, the primary electrons hit the specimen atom and then directly 
backscattered to the detector. If there is more than one element in the sample, the element 
that have larger nucleus (high Z number) will appear brighter than those have lighter 
nucleus (small Z number).   
Energy dispersive X-ray (EDX) scan are conducted with FE-SEM to identify and 
quantify the elemental composition of materials. Usually, the energy of the primary beam 
used for EDX analysis is in the range of 10- 20 keV. This energy causes characteristic X-
ray to be emitted from the material. An energy dispersive detector is to separate the 
generated X-rays of different elements into an energy spectrum. FE-SEM (Tescan Lyra 3, 
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Czech Republic) located in the KFUPM Imaging Lab CENT was used to examine the 
morphological features of the films while EDX was used to study the elemental 
composition of the films.  
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2.5 ATOMIC FORCE MICROSCOPE (AFM)  
Atomic Force Microscopy (AFM) is one of the family of scanning probe microscopes 
(SPM) that provides information about the topography of the surface of thin films at the 
nanometeric scale. The basic laboratory setup for an AFM (Fig. 2.3) includes: a sharp tip, 
cantilever, laser, photodiode, electronics feedback and a piezoelectric motor.  
 
Figure ‎2.3.  Basic principle of AFM technique 
 
The basic principle of AFM depends on the interatomic force between a tip and surface. 
As the tip scans the surface of the sample, moving up and down due to surface 
morphology, the force between the tip and sample causes the cantilever to twist. A laser 
beam, which focuses onto the back side of the reflective cantilever, reflects off the 
cantilever surface to a photodiode screen. The photodiodes are position-sensitive and can 
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discern, from the reflected laser beam, up-and-down motion confirming the topographic 
sample variations that are recorded on a computer as a function of x-y on a tip location on 
the sample. In one configuration, a feedback circuit is used to adjust the tip-to-sample 
distance to maintain a constant force between the tip and the sample.  
Depending on the application of the AFM, it can be operated in a number of modes. 
Three modes are common: contact modes, non-contact mode and tapping mode.  In 
contact mode, or sometimes called static mode, the tip of the cantilever is kept in constant 
contact with the sample surface. As the sample is scanned, the contact force bends the 
cantilever responding to the changes in the topography of the surface [110]. This mode is 
usually used for imaging a hard and relatively flat surface with high resolution and high 
scan speed. There are two main disadvantages for this mode. First, due to the direct 
contact between the sample and the tip, the sample may damage the tip or the tip may 
damage the sample [110]. Second, there is interaction of the cantilever tip with a layer of 
water vapour and other contaminants that might generate unwanted adhesive force [111].  
In non-contact modes the tip does not touch the surface. Instead, it oscillates above the 
sample surface. The topographic image is constructed according to the van der Waals 
forces acting between the tip and the surface of the sample. However, this force is 
extremely small. To overcome this difficulty, a small oscillation is given to the cantilever 
tip to sense the small forces between the tip and the sample surface by measuring the 
change in amplitude of the oscillation [112]. An advantage of non-contact mode is that 
the surfaces of very soft samples can be measured without damage. The drawback of this 
mode is that the scan speed is usually relatively slow. 
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 In tapping mode, the cantilever with attached tip is oscillated at its resonant frequency 
and scanned across the sample surface. In this mode, the tip hits the surface of the sample 
in a short time to minimize unwanted forces. This mode is also less destructive than 
contact mode. However, the scan speed of this mode is slightly slower than contact mode. 
In this study, the surface roughness and morphology were evaluated by KFUPM 
Mechanical Engineering department AFM (Bruker Dimension icon Scan Asyst, USA). 
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CHAPTER 3 
SYNTHESIS AND CHARACTERIZATION OF ZnO THIN 
FILMS MODIFIED BY (Ag, Au and Pt) NANOSTRUCTURES 
 
Researches around the world try to modify surfaces of thin films by dispersing small 
quantities of noble metals on cheaper materials (like metal oxide) to enhance the 
materials properties [113-116]. In this chapter, we introduce a new method for modifying 
the surface of sputtered ZnO thin films by metal nanostructures; namely, Ag, Pt and Au. 
This method is shown to provide pure, carbon contamination-free and inexpensive that 
have potential to improve material characteristics in applications like gas sensing, solar 
cells and possibly catalysis or otherwise. We find that thin layer of Ag, Pt and Au 
deposited on the ZnO layer can be converted to nanostructures by post annealing at 
appropriate temperatures. In addition, we show that the size and density of the metal 
nanostructures (number of particles per unit area) can be controlled by means of 
deposition power, deposition time and post annealing parameters.  
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3.1 SYNTHESIS AND CHARACTERIZATION OF Ag 
NANOSTRUCTURES MODIFIED SPUTTERED ZnO THIN FILMS 
 
Metal nanoparticles exhibit exciting properties strongly dependent on their size, shape 
and inherent electrons distribution with reference to those of their macro-scaled 
counterparts [117]. Amongst them Ag nanoparticles have attracted huge interest because 
of their unique physical, chemical and biological properties [118-121]. Many synthesis 
methods are reported using chemical, physical and photochemical routes. Every route 
carries some pros and cons costs, uniformity, scalability, purity, etc [122-130].  
In the following sections, we will explain the experimental work used to synthesize thin 
layer of silver on ZnO thin films (AgatZnO) using DC sputtering. Then, we will show the 
effect of post annealing, deposition time and annealing atmosphere on the physical 
properties of AgatZnO thin films. 
3.1.1 EXPERIMENTAL WORK 
 
For the synthesis of (AgatZnO) thin films using DC sputtering, high purity zinc (99.999 
%) and silver (99.99%) targets (from Semiconductor wafer Inc) were used. The substrates 
were sonicated in acetone or methanol for 15 min. prior to sputtering. The zinc and silver 
targets were cleaned by pre-sputtering a blank for 3 and 1 min., respectively. The base 
pressure in the sputtering chamber was less than 410-6 Torr and the working pressure 
was set to 710-3 Torr by adjusting the O2 and Ar gas flow. The target-substrate distance 
was fixed at 10 cm. The deposition of AgatZnO thin films was carried out in two steps.  
First, ZnO thin films were deposited on glass substrates for 40 minutes at 100 watt power 
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using DC reactive sputtering. In the second step, Ag was sputtered using Ar plasma for 
25 seconds at 20 watt. Identical samples were annealed at 200ºC, 400ºC and 600 ºC. This 
yielded films with different nanostructured morphology of the deposited Ag particles on 
ZnO thin films (AgNPsatZnO). The sequential film fabrication stages are shown in Fig. 
3.1. 
 
 
 
 
 
 
 
37 
 
 
Figure ‎3.1.  A schematic of the steps involved in the fabrication of AgNPs/ZnO films  
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3.1.2 XPS DEPTH PROFILING OF THE AS DEPOSITED Ag at 
ZnO   
 
The XPS depth profiling of as deposited Ag at ZnO was used to discern the 
compositional uniformity across the exposed surface of the film. The surface was 
systematically and sequentially etched by a low energy (~2 keV) Ar ion gun for 8s, prior 
to collecting the XPS spectra at that depth. Figure 3.2 shows the variation of the as 
deposited Ag at ZnO thin films at twelve depths from the exposed film surface. All 
measurements with XPS were done under ~1x10
-9
 Torr pressure and the scales of all 
peaks positions were calibrated by fixing the binding energy of the C1s at 284.60 eV. The 
variation of the Ag3d concentration versus etching time for twelve levels of etching 
showed that the Ag concentration declined with depth and becoming  negligible after 24 s 
etching indicating the formation of thin layer of silver. However, the silver almost 
vanishes after 32 s etching time. It can be seen that the silver diffuses up to 56 s which 
might be leading to the doping of the top layer in ZnO thin film. In contrast, the Zn and O 
concentrations increased steadily and became steady beyond the depth corresponding to 
30s of etching. In addition, we found that the photoelectron binding energy peak position 
of Ag shifted (fig 3.3) after the first etching. This might be due to the effect of ion 
sputtering on the lattice. 
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Figure ‎3.2.  XPS depth profiling of (a) Ag3d, (b) O1s, and (c)  Zn2p of the Ag at 
ZnO thin film 
 
  
 
Figure ‎3.3.  XPS depth profiling of Ag3d of the as prepared Ag/ZnO thin film 
 
  
Figure 3.4 shows the concentration profiles (at.%) for Ag 3d, C1s, O1s and Zn2p  at 
twelve depths from the exposed film surface. The variation of O1s and Zn2p core levels 
with the etching time shows more oxygen and less zinc at the surface and this is due to 
the adsorbed oxygen at the surface. After cleaning the surface, the Zn and O in the film 
are uniformly distributed. The XPS depth profile of C1s showed the vanishing of the 
carbon peak after the first 8 s. In addition, at the surface of the Ag at ZnO thin film an 
amount of about 25% of carbon is recorded. This presence of carbon is due to the 
occasional carbon contamination which we cannot avoid.  
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Figure ‎3.4.  XPS depth profile of the Ag at ZnO thin film as a function of etching 
time 
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3.1.3 EFFECT OF POST ANNEALING ON THE PROPERTIES OF 
Ag/ZnO THIN FILM 
 
The effect of the post annealing of the Ag at ZnO thin films on the structural, 
morphological and optical properties was investigated. Morphological observations were 
carried out using FE-SEM before and after annealing. Figure 3.5 shows FE-SEM images 
before and after thermal treatment at T = 200, 400 and 600 
o
C. The surface of as prepared 
sample (RT=27
 °C) was smooth and uniform and showed no aggregation of silver 
particles (Fig. 3.5 (a)). Samples annealed at 200 °C showed similar smooth surfaces (Fig. 
3.5 (b)). After 4 hours of annealing at 400 °C, silver islands of about 50 to 100 nm sizes 
were observed (Fig.3.5 (c)). As the annealing temperature was increased to 600 °C a 
random distribution of bright, round shape silver particles separated by an average 
distance of few hundreds nanometers were observed.  
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Figure ‎3.5.  FE-SEM images of Ag/ZnO thin films annealed at (a) RT, 
(b) 200 °C, (c) 400 °C and (d) 600 °C 
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By further increasing of the annealing temperature  to 700 ºC, one can see (Fig. 3.6 (a and 
b))  that the particle size increases and the density of the particles decrease. We observed 
the presence of a smaller density of larger spherical particles of about 350 nm diameter 
separated by an average distance of about 1.5 micron surrounded by much smaller 
nanostructures of about 50 nm diameter or less.  These observations suggest the growth 
of the nanoparticles through Ostwald ripening mechanism [19] which explains the 
increase of the large islands at the expense of the small ones. Fig. 3.7 shows a uniform 
dispersion of Ag NPs over a large surface  area . This is an interesting result as it shows 
that we have at hand a simple technique to grow uniform Ag nanostructures of controlled 
dimensions and separation on ZnO substrates which can find   applications not only in 
chemical gas sensors but also in solar cells (plasmonic cells), catalysis, etc.   
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Figure ‎3.6.  FE-SEM micrographs of Ag nanostructures on ZnO  prepared by post 
annealing at 700 °C in Ar atmosphere (a) 20.8 kx magnification, (b) 10 kx 
magnification 
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Figure ‎3.7.   Uniformly dispersed silver nanostructures on ZnO thin films obtained 
after 4 hour annealing at 700 °C under Ar at different magnifications 
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The surface roughness  of the ZnO (as-prepared) and AgNPs at ZnO (heat-treated at 700 
°C)  films was assessed by 5µm × 5µm AFM scan area, as shown in Fig.3.8. Root mean 
square (RMS) surface roughness values calculated by AFM were 2.6 nm and 9.4 nm for 
pure ZnO and AgNPs at ZnO thin film respectively. The 3D image of the ZnO film 
(Fig.3.8a) revealed the presence of a smooth and continuous surface with uniform 
columnar structure while that of the AgNPs at ZnO film (Fig.3.8b) shows the existence of 
rough surface texture with of Ag columnar structures. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
48 
 
 
 
 
Figure ‎3.8.  AFM 3D images of (a) as prepared ZnO thin film, and (b) AgNPs at 
ZnO thin film (heat-treated at 700 °C) 
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Figure ‎3.9 The 2D view of XRD patterns of Ag/ZnO film at different annealing 
temperatures. Inset (i): zoomed area to clearly show the shift of (002) peak. Inset     
(ii): pure ZnO films without silver annealed at RT and 600 °C 
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XRD pattern of the as-grown and the post-annealed Ag/ZnO and ZnO thin film shown in 
Fig. 3.9 was used to identify the crystalline phases present in the as-deposited films and 
measure the structural properties.‎Diffraction‎patterns‎were‎recorded‎in‎the‎2θ‎range‎from‎
10° to 50°. The results showed the presence of the (002) diffraction‎peak‎only‎ at‎ 2θ‎=‎
34.0°-34.8° for different annealing conditions highlighting a preferential orientation of 
the films along the c-axis of the wurtzite structure of ZnO. After annealing, significant 
structural‎ changes‎ occurred.‎ The‎ (002)‎ peak‎ was‎ shifted‎ to‎ higher‎ 2θ‎ values‎ with‎
increasing annealing temperatures. Inset (i) represents the magnified (002) peak position 
as marked by dotted box in Fig. 3.9 It is noteworthy that the peak shifted from 34.0° to 
34.4°, 34.7° and 34.9° at annealing temperature of RT (27 °C), 200 °C, 400 °C and 600 
°C respectively. Similar shifts were observed in the ZnO films without Ag deposition as 
shown in inset (ii) of Fig. 3.9 excluding any possible role of silver diffusion in the change 
of lattice parameter. An unknown‎peak‎marked‎„#‟‎in‎Fig.‎3.9 was observed for Ag-ZnO 
and ZnO thin film annealed at 600 °C. The shift of (002) peak may be related to stress 
relaxation resulting from the annealing. The level of stresses observed in sputtered ZnO 
films varies as a result of the different sputtering parameters [131-133]. The positive 
value represents tensile stress whereas the negative value represents compressive stress. 
The residual stress of the as-grown ZnO thin films has been shown to be tensile [134]. It 
was reported that the residual stresses in ZnO film contain a thermal stress component 
and an intrinsic stress component [135]. The thermal stress (i.e. tensile) is due to the 
difference in the thermal expansion coefficient between ZnO and substrate. On the other 
hand, the intrinsic stress is caused by imperfections in the crystallites during growth. In 
general, the magnitude of the compressive stress component is larger than that of the 
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thermal (tensile) stress component, so the as-grown ZnO films exhibit an overall 
compressive residual stress [136]. Also, during the annealing process, the residual stress 
of the ZnO is effectively relaxed. With increasing annealing time and temperature, the 
tensile stress becomes stronger, and eventually exceeds the built-in compressive stress 
and leads to a change in the direction of stress [137]. Taking as a reference the lattice 
parameter of unstressed ZnO powder c =5.207 Ǻ  as stated by American Society for 
Testing Materials (ASTM), we have estimated the stresses in our samples using an 
analysis suggested by [138-139]. The values are reported in Table 3.1. A transition from 
compressive stress to tensile stress was observed beyond 200 °C in agreement with those 
observations reported by Gupta et al. [138]. As an estimate, the Ag-ZnO films were stress 
free at annealing condition of ~ 217 °C as shown in Fig. 3.10 (c). The generation of 
tensile stresses can be related to the grain growth that results from the coalescence of 
individually nucleated islands with reference to substrate [140]. It is noteworthy that a 
drastic sharpening and an intensity increase of the (002) diffraction peak occurs as 
observed in the XRD patterns. The sharpening of the diffraction peak was a result of the 
grain growth. The grain size was estimated using Scherrer formula and is shown in Fig. 
3.10 (a). As the annealing temperature increased the grain growth was found to rise 
monotonically until 600 °C. The results indicate a 140% increase of the average grain 
size after 4h annealing at 400 °C. Similar sharpening of the diffraction peaks of 
polycrystalline films prepared via MOCVD technique was observed while the glass 
substrate temperature increased from 150 °C to 250 °C [141]. In addition to the 
sharpening of the (002) peak, a significant enhancement of its intensity was also noted. 
Such intensity enhancement indeed indicates an increase of the diffracting volume in the 
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film. The increase of the area under (002) peak with increasing annealing temperature is 
shown in Fig. 3.10 d suggesting that the as-grown films are not well crystallized. The 
area under (002) peak was observed to increase 63 % at 400 °C and 287% at 600 °C 
compared to the as grown. 
 
 
 
Figure ‎3.10.  (a) Crystallite size, (b) lattice constant (c), stress and (d) diffraction 
area of Ag/ZnO thin films at different annealing temperatures 
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Table ‎3.1. Lattice parameters, grain size, energy gap and stresses, of Ag/ZnO thin 
film at different annealing temperatures 
Temp. (
°
C)  2 𝜃 
(degree) 
FWHM 
(degree) 
Area 
(arb. 
unit) 
Grain 
size 
(nm) 
Lattice 
parameter 
(c) (Å) 
Stress 
(GPa) 
Eg 
(eV) 
RT 34.02 0.79 211.0 13 5.26 - 0.51 3.31 
200 34.39 0.85 250.0 12 5.21 - 0.037 3.26 
400 34.74 0.43 344.5 24 5.16 0.41 3.24 
600 34.89 0.33 818.5 31 5.14 0.58 3.25 
 
The UV-Vis absorption spectra of the as-deposited and the post annealed Ag/ZnO films 
are shown in Fig. 3.11. From the figure, one can note a clear shift of the absorption edge 
towards longer wavelengths and a sharper increase of the absorption at the edge as the 
annealing temperature increases. The optical band gap is obtained by fitting the data  
using Tauc relation and are listed in Table 3.1. It was found that the optical band gap 
decreases from 3.31 eV for the as grown sample to 3.25 eV after annealing as shown in 
Fig 3.11 (b). 
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Figure ‎3.11.   Absorption spectra of Ag/ZnO films (a) as-grown and post annealed 
films (b) Tauc curves of as grown and post annealed films 
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The surface chemistry of the as deposited ZnO and heat-treated AgNPs at ZnO thin films  
were investigated using XPS technique. The data obtained were fitted using 
Gaussain/Lorenzain mixed with smart background corrections.  Figure 3.12 represents 
the wide scan of as fabricated ZnO thin film. The binding energies, full width at half 
maximum (FWHM) and atomic percent of the thin films were calculated and are listed in 
Table 3.2. From Table 3.2, the Zn2p showed doublet binding energies at around 1021.13 
and1044.18 eV which correspond to Zn2p3/2 and Zn2p1/2 respectively [142-143]. The 
energy difference between doublet binding energies is 23.05 eV which is consistent with 
the standard value of 23.00 eV [144]. The splitting of the Zn2p peak is due to strong spin-
orbit coupling as reported in [145]. 
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Figure ‎3.12. XPS wide scan of as prepared ZnO thin film 
   
 The fitted results of O1s of pure ZnO showed three components centered at 529.53 eV, 
531.38 eV and 532.18 eV. The lowest binding energy (OA) component of the O1s spectra 
is attributed to O
2−
 ions on the wurtzite structure of  hexagonal Zn
2+
 ion array [146] while 
the highest binding energy (OC) is attributed either due to a water vapour component or 
adsorbed oxygen [147]. The medium binding energy (OB) is attributed to  the presence of 
partially reduced ZnO (ZnOx) [148,149]. The stoichiometric composition of the pure ZnO 
thin film prepared by DC reactive sputtering (Zn/O) is equal to 0.99. 
 The XPS data of the as-deposited Ag/ZnO thin film is also fitted and the results are 
included in Table 3.2. It is observed that the binding energy of Zn2p3/2 spectrum is 
slightly higher than that of pure ZnO. The O1s in Ag/ZnO thin film also shows a slight 
difference; e.g. the binding energy of OB  is reduced in Ag/ZnO thin film. This might be 
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due to the effect of the bombardment of pure ZnO thin film by energetic Ar ion during 
the growth of Ag thin film in the sputtering chamber. This assumption is supported by 
our observation that, during the depth profile experiments, we found that the medium 
binding energy of O1s (OB) in the Ag/ZnO thin film decreased sharply after 8 sec etching 
via Ar ions. The high resolution XPS of the Ag3d peak in the as prepared Ag/ZnO 
sample showed doublet peaks corresponding to Ag3d5/2 and Ag3d3/2 separated by 5.93 
eV. The spectrum of Ag3d5/2 can be deconvoluted into two peaks centered at 368.59 eV 
and 369.62 eV with an amount of 7.24% and 0.30 % respectively. It has been reported [ 
150] that the binding energy at around 368.59 eV is due to the Ag+ in the Ag2O 
indicating the formation of silver oxide on the top layer of the as prepared Ag/ZnO thin 
film (see also Fig. 3.3). It has also been reported that Ag can be easily oxidized to Ag2O 
even at room temperature [151]. The peak centered at 369.62 eV might be associated 
with Ag alloy such as Ag-ZnO or ZnO-Ag2O.  
The effect of the post annealing on the compositional properties and the chemical states 
of Ag/ZnO thin films were investigated (Fig. 3.13). Our observations (Table 3.2) show 
that the binding energies of Zn2p spectra of the Ag/ZnO films annealed at 400 °C are 
located at the same position of the as prepared Ag/ZnO films. In comparison with as 
deposited Ag/ZnO thin film, the Ag3d and O1s XPS spectra of the sample annealed at 
400 °C showed slight differences. The middle binding energy of O1s showed higher 
atomic percent (13.42 %) comparing with 5.08% in as deposited Ag/ZnO thin film. This 
increase might be attributed to the formation of different silver oxides compounds. In 
addition, the sample annealed at 400 °C and 700 °C also showed an increase in the 
amount of the highest binding energy of O1s spectra. It has been reported that ZnO thin 
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films prepared by DC reactive sputtering have columnar structure with different sizes of 
pores [152]. In addition, we reported in our previous work [153] that post annealing of 
sputtered ZnO films prepared by DC sputtering in inert gas environment increases the 
porosity of the film. This porosity could fill with water during exposure of the film to the 
air resulting to an increase of the concentration of OC compound samples.   
 
 
 
 
 
 
 
 
59 
 
 
Figure ‎3.13. High resolution scan XPS spectra of  O1s, C1s, Zn2p and Ag3d for 
Ag/ZnO thin films annealed at 600 °C in pure Ar  
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Table ‎3.2. XPS analysis of pure ZnO, as deposited Ag/ZnO and Ag/ZnO thin films 
annealed at 400 °C and 700 °C  
 
Name 
 
 
Peak BE (eV) 
 
 
FWHM   (eV) 
 
 
Atomic % 
 
 
Zn2p/O1s 
 
 
Pure ZnO 
(RT) 
 
 
Zn2p 1021.13 1.92 45.68 
 
0.99 
 
O1s  A 529.53 1.66 46.08 
O1s  B 531.38 1.42 7.50 
O1s  C 532.18 0.73 0.74 
Ag/ZnO 
RT 
 
 
Zn2p 1021.36 1.76 43.52 
 
 
1.02 
 
 
 
O1s  A 529.45 1.49 42.54 
O1s B 531.28 1.41 5.08 
O1s C 532.06 1.52 1.32 
Ag3d 368.59 1.04 7.24 
Ag3d Scan A 369.62 0.74 0.30 
Ag/ZnO 
400 °C 
 
 
 
Zn2p 1021.39 1.82 39.61 
 
1.00 
 
 
 
 
O1sA 529.96 1.34 39.23 
O1s B 531.3 1.54 13.42 
O1s C 532.2 1.35 2.66 
Ag3d 367.26 0.74 3.16 
Ag3d Scan A 367.45 1.73 1.93 
 
 
Ag/ZnO 
700 °C 
 
 
 
 
 
Zn2p 1021.14 1.37 44.27 
 
 
1.13 
 
 
 
O1sA 529.77 1.85 39.02 
O1s B 531.1 1.47 12.21 
O1s C 532.05 1.37 3.38 
Ag3d 367.19 1.12 1.10 
Ag3d Scan A 
 
 
368.08 
 
 
1.17 
 
 
0.02 
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3.1.4 EFFECT OF DEPOSITION TIME ON THE PROPERTIES OF 
Ag at ZnO THIN FILMS 
 
For the study of the effect of deposition time on the morphology properties, silver thin 
films were deposited on ZnO thin films for 5, 10, 20 and 60 s using DC sputtering 
followed by annealing the Ag at ZnO samples at 600 ºC in a tube furnace for four hours 
in argon atmosphere.  FE-SEM images (Fig. 3.14) show that the density  and the size of 
the silver nanostructures increase with increasing sputtering time. Also, most of the 
particles are semi-cubical. The Ag nanorings are not clear enough; rather individual such 
particles are making ring like circles.  
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Figure ‎3.14.  SEM images of Ag/Zno thin films grown at deposition time of (a) 5 s 
(b) 10 s (c) 20 s, and (d) 60 s 
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3.1.5 EFFECT OF THE DURATION OF THE POST ANNEALING 
TIME ON THE PROPERTIES OF Ag/ZnO THIN FILMS 
 
 The effect of the annealing duration on the silver nanostructures size by carrying out 
successive treatments on the same sample at 600°C was investigated under a constant 
flow of Ar. Figure 3.15 shows the despersion of silver nanostructures after 3h, 9h (3+6) 
and 24 (3+6+15) total annealing durations. The FE-SEM images showed that after 3h and 
9h treatments nanostructures of various sizes were present Fig 3.15 a and b). They can be 
classified roughly in three main categories: A – particles of size less than 50 nm, B-
particles of size between 50 and 150 nm, and C particles of size between 150 nm and 250 
nm. After 24 hour treatment, particles of small size (A) are almost non-existead and the 
size distribution is bimodal, made of particles B and C as seen in Fig.3.15c. 
 
Figure ‎3.15.  Distributions of silver nanostructures after (a) 3h, (b) 9h and (c) 24h 
total annealing durations at 600 °C 
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3.1.6 SYNTHESIS AND CHARACTERIZATION OF Ag 
NANORINGS ON ZnO THIN FILMS 
 
Ag/ZnO samples were annealed at different temperatures from 200 to 700 °C in pure N2 
atmosphere. We found no significant change in the size and shape of the silver 
nanostructures in most of the cases. However, the samples annealed at 600 °C showed a 
striking result: the formation of silver nanorings. Figure 3.16 showed that the rings have 
an inner diameter of about 600 nm diameter and an outer diameter exceeding  1 micron. 
It can be observed also that the rings do not have smooth circular contours but seem to be 
made‎of‎“nanoparticles”‎as shown in Fig. 3.16 (c and d).   
In order to confirm the crystalline phases and measure the structural properties of the Ag 
nanoring decorated on ZnO thin film, XRD was used (Fig. 3.17).  Diffraction pattern in 
Fig. 3.17 shows the presence only of the (002) diffraction‎ peak‎ at‎ 2θ‎ =‎ 34.76° which 
indicates a preferential orientation of the film along the c-axis of the wurtzite structure of 
ZnO. We found no significant difference between the XRD diffraction in this case and 
the diffraction of Ag nanostructures on ZnO thin films or even in pure ZnO annealed at 
the same temperature in argon atmosphere. The Ag nanorings sample was also analyzed 
by EDX. Figure 3.18 shows the EDX analysis of single nanoring located on the surface 
of ZnO thin film. As can be seen, silver was only recorded inside the wall of the ring and 
no silver in or outside the ring was detected. 
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Figure ‎3.16.  Ag Nanoring on ZnO thin film prepared by post annealing at 4 hours 
under nitrogen in tube furnace at (a,b) low magnifications and (c,d) high 
magnifications 
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Figure ‎3.17. XRD pattern of Ag nanorings on ZnO thin film fabricated by 
sputtering technique 
  
       
Figure ‎3.18. EDX analysis of Ag nanoring on ZnO thin film 
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3.2 SYNTHESIS AND CHARACTERIZATION OF Au 
NANOSTRUCTURES MODIFIED ZnO THIN FILMS 
 
Gold (Au) in the form of nanoparticles has been used in different applications such as 
plasmonic photovoltaic applications [154], sensors [155], photocatalysis [156], surface-
enhanced Raman scattering [157]. Rai et al. [158], for example, developed a method for 
preparing and depositing 4 nm gold nanoparticles onto single crystalline ZnO synthesized 
by hydrothermal method for gas sensing applications. According to their work, Au/ZnO 
showed significantly enhanced sensing for CO gas. Au NPs on different thin film 
substrateط including semiconductor, insulator and metals have been investigated by 
different groups [159-161].  
3.2.1 EXPERIMENTAL WORK 
 
For the synthesis of Au nanostructures on the surface of ZnO thin films (AuNPsatZnO), 
an automated sputter coater was used to prepare pure as well as Au-decorated ZnO thin 
films. The glass substrates were sonicated in acetone for 15 min. prior to sputtering. The 
Zn and Au targets received from Semiconductor Wafer Inc., were cleaned by pre-
sputtering a blank for 3 and 1 min., respectively. The base pressure in the chamber was 
kept below 5×10
-6
 Torr  while the working pressure was set at 7×10
-3
  Torr.  ZnO films 
were fabricated by DC reactive sputtering of metallic zinc at 100 W in oxygen for for 40 
min. on glass substrates. An ultrathin layer of Au was deposited on the sputtered ZnO 
surface (Au at ZnO) at 30 W for 30s. The Au at ZnO thin film and pure ZnO thin films 
were heated at 600 °C for 3h in argon. This yielded films with nanostructured 
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morphology of the deposited Au nanostructures on ZnO (AuNPs at ZnO). The film 
making sequence is illustrated in Fig. 3.19. 
 
 
Figure ‎3.19. Schematic of the steps involved in the fabrication of AuNPs at ZnO 
films 
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3.2.2 XPS DEPTH PROFILING OF THE AS DEPOSITED AuatZnO    
 
The XPS depth profiling of as deposited Au at ZnO was used to investigate the 
compositional uniformity across the exposed surface of the film. The surface was 
sequentially etched by a low energy (~2 keV) ion gun for 10s at time, prior to collecting 
the XPS spectra at that depth. Figure 3.20 shows the variation of the as deposited Au at 
ZnO thin films at twelve depths from the exposed film surface. The variation of the Au4f 
concentration displayed that the Au concentration decreased sharply after 30 s etching 
indicating the formation of very thin layer of Au (Fig. 3.20 (a)). Zn and O concentrations 
in opposition to that  increased steadily for the first 30 s (Fig. 3. 20 (b,c)).   
Figure 3.21 shows the concentration profiles (at.%) for Au4f, C1s, O1s and Zn2p at 
twelve depths from the exposed film surface. As can be seen, the Au concentration 
declined (ca. ~ 27 at. % at the surface to ~ 10 at. %) within  30s of etching indicating the 
formation of a very thin layer of gold. The variation of O1s and Zn2p core levels with the 
etching time shows more oxygen and less zinc at the surface. This is due to adsorbed 
oxygen at the surface. After cleaning the surface, the Zn and O in the film are equally 
distributed by XPS, However, depth profile of C1s showed the vanishing of the carbon 
peak after the first 10s. At the surface of the Au at ZnO thin film an amount of about 35% 
of carbon was recorded.   
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Figure ‎3.20. DPA of (a) Au4f, (b) O1s, (c)  Zn2p of the Au at ZnO thin film 
71 
 
  
 
 
Figure ‎3.21. The XPS depth profile of the Au at ZnO thin film as a function of 
etching time 
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3.2.3 STRUCTURAL CHARACTERIZATION OF THE FABRICATED 
Au/ZnO FILMS 
To investigate the structural aspects of the as-prepared ZnO and Au at ZnO thin films, 
heat-treated ZnO and AuNPsatZnO thin films, a systematic analysis of their XRD 
patterns was carried out. The results are summarized in Fig. 3.22. Similar to Ag/ZnO thin 
films, all the films showed strong preferential growth along c-axis (002 plane), indicating 
their formation and growth in the wurtzite structure of ZnO. Fujimura et al. [30] had 
suggested that the preferential growth of ZnO in thin films in the 002 direction is due to 
the lowest surface energy of the (002) plane compared with others. No diffraction peaks 
could be ascribed to Au in Au at ZnO and AuNPs at ZnO films which is likely due to the 
presence of too small amount of Au in them. The average crystallite size of ZnO was 
calculated using Debye-Scherrer‟s‎ equation.‎ The‎ computed‎ crystallite‎ size‎ of‎ ZnO‎ in‎
various films is summarized in Table 3.3 As expected, the calculated crystallite size in 
the heat-treated films are higher (almost 3 times) than those in the pristine samples, 
which could be attributed to growth at higher temperatures due to Ostwald ripening‎
[162]. There was also a slight shift in the position of the 002 peak towards higher  angle 
in the heat-treated samples. This has been attributed by some [163-165] to the increased 
stress in thin films brought about by heat treatment. The positive values in Table 3.3 
represent tensile stress while compressive stress is indicated by negative values. 
Consequently, the residual stress in the as-made films is compressive in nature, whereas 
the stress in the heat-treated films was tensile in nature. Tensile stresses is related to grain 
growth as a result of heat-treatment at higher temperatures, resulting in the coalescence of 
individually nucleated islands with respect to the substrate [153]. Moreover, the intensity 
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of the (002) diffraction in the heated films increased sharply compared to that of the as-
deposited counterparts. This could be ascribed to the improvement in crystallinity. In the 
case of Au decorated films, no significant change in the peak position could be discerned 
between the as-made and heat-treated Au decorated-ZnO films, thereby obviating the 
possibility of significant Au diffusion into the ZnO lattice.  
Table ‎3.3. Structural information of ZnO, heat-treated ZnO, Au at ZnO and AuNPs 
at ZnO thin films 
Sample 2 (°) FWHM 
(deg.) 
grain size 
(nm) 
((???)(nm) 
Lattice parameter 
(c) (nm) 
Stress (GPa) 
pure ZnO 34.14 0.84 11 0.5248 -3.61 
AuatZnO 34.21 0.80 12 0.5237 -2.71 
Heated ZnO 34.83 0.25 37 0.5147 5.12 
  AuNPs at ZnO 34.90 0.25 38 0.5137 5.97 
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Figure ‎3.22. XRD patterns of: (a) as-grown ZnO, (b) Au at ZnO, heat-treated (c) 
ZnO and (d) AuNPs at ZnO thin films 
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3.2.4 MICROSTRUCTURAL CHARACTERIZATION OF THE Au/ZnO 
FILMS 
The surface morphology and roughness of the thin films were investigated by FE-SEM 
and AFM, respectively. Figure 3.23 shows the FE-SEM micrographs of the as-prepared 
(a-b) and heat-treated (c-d) pure and Au-decorated ZnO thin films respectively. As can be 
seen, the as-grown thin films  show dense, smooth and homogenous morphology, with 
grains ranging from about 15 to 35 nm in size. The surface of heat-treated ZnO film (Fig. 
3.23 (c)) also possesses smooth morphology. However, isolated Au nanoparticles 
decorating the surface of the ZnO films were observed on the Au at ZnO thin films (Fig. 
3.23 (d)), with Au nanoparticles varying in size between 20 and 90 nm.  
The surface roughnesses of the Au at ZnO (as-prepared) and AuNPs at ZnO (heat-
treated) films were assessed by AFM, as shown in Fig. 3.24. The 3D image of the as 
prepared Au at ZnO film (Fig. 3.24 (a)) revealed the presence of smooth and continuous 
surface with uniform columnar structure while that of the AuNPs at ZnO film (Fig. 3.24 
(b)) showed the existence of rough surface texture with Au columnar spikes.  
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Figure ‎3.23. FE-SEM micrograph of (a) as-grown ZnO, (b) Au at ZnO, (c) heated 
ZnO and AuNPs at ZnO thin films 
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Figure ‎3.24. AFM 3D images of: (a) Au at ZnO, and (b) AuNPs at ZnO thin films 
  
78 
 
3.2.5 COMPOSITIONAL  CHARACTERIZATION OF THE AuNPs at 
ZnO THIN FILM 
The global XPS scan of AuNPs at ZnO film (Au at ZnO film annealed at 600 °C) shown 
in Fig. 3.25 (a) clearly identifies peaks due to Zn, Au, C and O. The peak signals in the 
deconvoluted spectrum shown in Fig. 3.25 (b) can be assigned to Au4f7/2 (83.65 eV) and 
Au4f5/2 (87.34 eV), The binding energy difference () between the two core levels was 
calculated to be about 3.69 eV, which is in excellent agreement with 3.63 eV reported for 
the spin-orbit splitting in metallic Au [166]. The Au concentration on the surface of 
AuNPs at ZnO film was computed to be 7.93 at.% which is about 1/4
th
  of that on Au at 
ZnO film surface. This difference could be attributed to the conversion of Au films in the 
case of Au at ZnO to Au nanoparticles as a result of heat treatment that yielded AuNPs at 
ZnO as corroborated by the FE-SEM results shown earlier. 
The deconvoluted O1s spectrum of AuNPs at ZnO in Fig. 3.25 (c) consists of two 
symmetric peaks at 530.83 and 532.63 eV, the binding energy difference () between the 
two core levels being 1.80 eV. These correspond to the O1s electron binding energies in 
various oxygen-containing layers in the sample. Thus, the peak at 530.83 eV corresponds 
to about 69% of the total O1s peak due to O
2−
 ions in the ZnO lattice [153]; the 532.63 
eV peak is ascribed to the adsorbed oxygen or that due to OH dissociation on the film 
surface [176,168]. Similarly, the two peaks in the deconvoluted Zn2p spectrum (Fig. 3.25 
(d)) correspond to Zn2p3/2 (1022.17 eV) and Zn2p1/2 (1045.23 eV), respectively. The 
electron binding energy difference () between the two core levels is 23.06 eV, in 
excellent agreement with 23.00 eV [169]. 
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(b) (a) 
 
(d) 
(d) 
(c) 
 
 
Figure ‎3.25. XPS spectra of AuNPs at ZnO thin film: (a) global survey, (b) Au4f, (c) 
O1s and (d) Zn2p 
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3.2.6 EFFECT OF POST ANNEALING ON THE PROPERTIES OF 
Au/ZnO THIN FILMS 
 
In order to study the effect of post annealing treatment on the morphology of Au/ZnO, 
the as prepared thin films were annealed in a tube furnace for 4h at different 
temperatures: 25 ºC, 400 ºC, 600 ºC and 800 ºC.  Figure 3.26 shows that the surface of 
as-deposited Au on ZnO is smooth and has no islands. After 4h of annealing from RT to 
400 °C, agglomeration of random shape and sizes were observed. As the annealing 
temperature increased to 600 ºC a different sizes distribution of Au nanoparticles were 
observed. and 800 ºC 
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Figure ‎3.26. FE-SEM micrograph of (a) as-grown Au at ZnO, and AuNPs at ZnO  
annealed at (b) 400 °C, (c) 600 °C and 800 °C 
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3.3  SYNTHESIS AND CHARACTERIZATION OF Pt 
NANOSTRUCTURES ON ZnO THIN FILMS 
 
Platinum (Pt) is one of the least reactive metals used in important catalytic applications 
including fuel cells[170-172], photo-catalysis [173-174], and catalysis for chemical 
reactions involving hydrogen gas or oxygen gas [175]. It has been reported in the 
literature that loading Pt nanoparticles on different materials such as metal oxides and 
carbon nanotube play an important role for the enhanced detection of many gases [176-
179]. Chomkitichai et al., for example, compared between Pt-loaded TiO2 and pure TiO2 
thin films toward the detection of H2. They found that Pt-loaded TiO2 thin films showed 
higher response and better recovery time than that of unloaded films [180]. The major 
problem for using Pt in gas sensing, and in other applications, is its price and the limited 
available quantity. Different methods have been investigated loading Pt on different 
materials with the aim of reducing the amount of Pt [181-183]. In the following section, 
we describe the experimental work used for modifying the surface of the ZnO by Pt 
nanostructures. 
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3.3.1 EXPERIMENTAL WORK 
 
For the synthesis of Pt/ZnO thin films using sputtering technique, high purity zinc 
(99.999 %) and Pt (99.99%) targets from Semiconductor Wafer, Inc. were used.  The 
base pressure in the sputtering chamber was below than 510-6 Torr and the working 
pressure was set to 710-3 Torr by adjusting the Ar and O2 gas flows. The deposition of 
Pt-ZnO thin films was carried out in two steps.  First, ZnO thin films were deposited on 
glass substrates for 40 minutes at 100 watt power in pure oxygen atmosphere. In the 
second step, Pt was sputtered using Ar plasma for 40 seconds at 30 watt. After that, the as 
deposited thin films were annealed in a tube furnace at different temperatures (500 ºC, 
600 ºC, 800 ºC). This kind of preparing PtNPs on ZnO thin films has many advantages 
comparing with other chemicals methods. The main advantages of our method are: 
1-  Very small quantity of Pt is used because we are only sputtering atoms from the 
surface of the Pt. 
2-  The size and density of Pt nanostructures (number of particles per unit area), as we 
will see in the following sections, can be controlled through the treatment during 
nanostructures synthesis. 
3-  This method is ultra-pure of contamination.  
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3.3.2 XPS DEPTH PROFILING OF THE AS DEPOSITED PtatZnO    
 
In order to investigate the XPS depth profiling of  the as deposited Pt at ZnO, the surface 
was systematically etched by a low energy (~2 keV) ion gun for 10s.  Figure 3.26  shows 
the variation of the as deposited Pt at ZnO thin films at twelve depths from the exposed 
film surface. The variation of the Pt4f concentration displayed that the Pt concentration 
declined sharply and Pt almost vanishes after 30 s etching indicating the formation of 
ultra-thin layer of Pt (Fig. 3.27 (a)). Zn and O concentrations in contrast increased with 
etching time (Fig. 3.27 (b,c)).  
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Figure ‎3.27. XPS depth profiling analysis of (a) Pt4f, (b) O1s, (c) Zn2p of the Pt at 
ZnO thin film 
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Figure 3.28 shows the concentration profiles (at.%) for Pt4f, C1s, O1s and Zn2p at twelve 
depths from the exposed film surface. As can be seen, the Pt concentration decreased 
from (ca. ~ 8 at. % at the surface to ~ 0.6 at. %) after 40 s of etching indicating the 
formation of thin layer of Pt. Due to the adsorbed oxygen at the surface, the variation of 
O1s and Zn2p core levels with the etching time shows more oxygen and less zinc at the 
surface. After cleaning the surface, the Zn concentration slightly increased after 50 s of 
etching while the oxygen concentration decreased. This deficiency in the oxygen in the 
ZnO lattice might be due to the evaporation of oxygen atoms during the sputtering. This 
assumption is confirmed by the XPS depth profile of the oxygen (Fig. 3.28). As can be 
seen, by increasing the etching time the binding energy position of O1s core level shifted 
to the higher binding energy. It was mentioned in section 3.1. that O1s core level in ZnO 
sample has three compounds.  The lowest binding energy component is attributed to O
2−
 
ions on the wurtzite structure of  hexagonal Zn
2+
 ion array while the highest binding 
energy (OC) is attributed either due to a water vapour component or adsorbed oxygen. 
The medium binding energy (OB) is attributed due to the presence of partially reduced 
ZnO.  In Fig. 3.29, one can see clearly that the low binding energy that is attributed to the 
presence of oxygen in the ZnO lattice is shifted to medium binding energy (oxygen in 
partially reduced ZnO). 
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Figure ‎3.28. The XPS depth profile of the Pt at ZnO thin film as a function of 
etching time 
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Figure ‎3.29. XPS  O1s depth profile of the Pt at ZnO thin film   
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3.3.3 EFFECT OF POST ANNEALING ON THE PROPERTIES OF 
Pt/ZnO THIN FILMS 
 
The effect of post annealing on the structural, morphological and optical properties of 
Pt/ZnO thin films was investigated. After preparing Pt at ZnO thin films, the samples 
were annealed at different temperatures: 500 °C, 600 °C and 800 °C for duration of 4 h. 
Morphological observations were carried out using FE-SEM before and after annealing. 
Figure 3.31 shows FE-SEM images before and after thermal treatment at T = 500, 600 
and 800 
o
C. The surface of the as-prepared sample was smooth and uniform and showed 
no aggregation of platinum particles (Fig. 3.30 (a)). After 4 hours of annealing from RT 
to 400 
o
C, we found similar smoothness surface. By annealing the Pt/ZnO thin film at 
500 
o
C  we observed the beginning of agglomeration of Pt nanostructures with grain size 
less than 30 nm (Fig. 3.30 (b)). As the annealing temperature was increased to 600 
o
C a 
random distribution and various sizes of bright, round shape platinum nanostructures 
were observed. The nanostructures formed in this sample can be classified roughly in 
four main categories: A – particles of size less than 25 nm, B-particles of size between 25 
and 100 nm, C-particles C of size between 100 nm and 200 nm, and D-particle of size 
between 200 and 300 nm). Fig. (3.30(d)) shows the distribution of Pt particles on the 
surface of the ZnO thin film after 4 hours annealing duration at 800 °C. In this sample, 
one can see clearly that the nanostructures of small size (A-particles and B-particles) 
have almost vanished. In addition, the grain sizes of Pt particles in (C and D) have 
increased indicating the formation the large particles at the expenses of the small ones. In 
addition, the shapes of the particles at high temperature (Fig. 3.30 (d)) become 
inhomogeneous. This variation in the shapes from rounded rectangular to spherical 
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particles can be attributed to the difference of the time of the agglomeration process 
which usually happens at higher temperatures where the formation of larger particles are 
more energetically favored than smaller particles (e.g. two particles in the box A Fig. 
3.30 (d)). As the nanostructures tries to lower its overall energy, small particles on the 
surface of a small (energetically unfavorable) will tend to diffuse and add to the surface 
of another particle (B, C and D in Fig. 3.30. Therefore, the number of smaller particles 
continue to shrink while larger particles continue to grow in size.  
The structural and optical properties of Pt/ZnO thin films prepared via DC sputtering 
followed by post annealing at different temperature were investigated (not shown). Our 
results in this section are almost the same of that discussed in sec. 4.1.3 and since those 
results are comprehensively discussed there; we will avoid repeating the same discussion.    
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Figure ‎3.30. FE-SEM micrographs of Pt/ZnO thin film at (a) RT, (b) 500 ºC, (c) 600 
ºC and (d) 800ºC 
  
 
 
 
92 
 
CHAPTER 4 
MORPHOLOGICAL VARIATION OF ZnO THIN FILM BY  
PO2 MODULATION 
In this chapter we present the effect of the variation in the oxygen partial pressure (PO2) 
on the morphological and structural properties of ZnO thin films. The ZnO films are 
oxidized in H2/H2O mixtures at different temperatures (400, 600 and 800ºC). We first 
calculate the theoretical values of PO2 needed for Zn oxidation as a function of 
temperature based on the thermodynamics of Zn/ZnO coexistence. We then introduce a 
novel method to control the PO2 by manipulating the ratio of H2 and H2O species. We 
find that the microstructural features of the surface of ZnO is affected by the variation of 
the oxygen partial pressure and annealing temperature.  
4.1 THEORETICAL ASPECTS 
At a given temperature, pressure and a well-defined oxygen partial pressure (PO2), the 
below reaction will take place.  
2
1
( ) ( ) ( )
2
Zn s O g ZnO s 
                                                                                             
4.1 
The equilibrium constant (K1), concentrations of the products each raised to the power of 
its stoichiometric coefficient divided by the concentrations of the reactants each raised to 
the power of its stoichiometric coefficient [184], for this reaction is given by: 
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1 1
2
2
PZnO
K
PZn PO

                                                                                                                    
4.2 
The standard Gibbs energy change (
0G )  at equilibrium  is given by  
0
1( )G RT ln K                                                                                                                 
4.3 
Where R is the ideal gas‎constant‎=‎1.987‎cal K−1  mol−1 . 
Since Zn and ZnO are pure solid, we can assume [Zn] and [ZnO] to be unity.  
So equation 4.2 and 4.3 can be combined to be: 
1
0 2
2( )G RT ln PO

 
                                                                                                        
4.4 
We can also write PO2 in term of Gibbs free energy as following: 
0
0
2
2
2
2
ln
G
RT
G
PO
RT
PO e


 





                                                                                                                    
4.5 
According to the Hess's law, the standard Gibbs free energy change can be defined as the 
difference between sum of standard free energy energies of formation of products and 
standard free energy energies of formation of reactants [185].  
The Gibbs free energy change for equation 4.1 can be written as: 
2
0
(products) (reactants)
0
( ) ( ) ( )
4.6
1
( )
2
f f
f ZnO f O f Zn
G G G
G G G G

     



     

 
                                                       
4.6 
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  Since the standard Gibbs free energy changes for the formation of pure metals is zero, 
equation 4.6 become: 
0 0
( )f ZnOG G    
However, the standard Gibbs free energy formation of ZnO is given by [186]: 
0
( ) 84,100 6.9 log 44.1f ZnOG T T T     
  2/R 84100/T 6.9 logT- 44.1
2Therfore, PO e  4.7


                                                                                            
 
Equation 4.7 gives the theoretical value of PO2 needed for Zn/ZnO coexistence at a given 
temperature. The data obtained from equation 4.7 are listed in Table 4.1. From the table, 
it can be concluded that the amount of PO2 required for oxidizing ZnO is very little. That 
is 10
-30
 atm PO2 is enough to oxidize Zn at 600 ºC. These PO2 values are negligible 
comparing with annealing in air in which PO2 is about 0.21 atm (thirty orders of 
magnitude greater). Figure 4.1 displays the variation of equilibrium PO2 as a function of 
temperature for Zn/ZnO pairs. By manipulating the (PO2) across the line, one can cause 
Zn oxidation (below the curve) or ZnO reduction (above the curve). On the path of the 
curve Zn and ZnO will be coexistent.  
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Table ‎4.1. Theoretical calculations of PO2 required for the formation of Zn and ZnO  
T (K) T (°C) PO2 (atm) Log (PO2) 
523 250   6 × 10-60 -59.2 
573 300 7 × 10-54  -53.2 
673 400   1 × 10-44  -44.0 
873 600   2 × 10
-32
  -31.7 
1073 800 8 ×  10
-25 
  -24.1 
1273 1000   1 ×  10
-19  
 -19.0 
 
 
 
Figure ‎4.1. Temperature dependence of the equilibrium PO2 for Zn/ZnO coexistence 
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4.2 METHOD OF CREATING THE DESIRED PO2 USING 
H2/H2O MIXTURE 
 
Commonly, there are two methods used to control the PO2 [186]. One is using CO/CO2 
mixture, and the second by H2/H2O mixture. 
 According to the following reaction: 
2 2 2
1
2
H O H O                                                                                      4.8 
The standard Gibbs energy change ( 0G ) is given by  
0
2G RT ln K   
2
2 1
2
2 2
PH O
K
PH PO
  
0 2
1
2
2 2
PH O
G RT ln
PH PO
  or 
2
22
2
2
( )
oG
RTPH OPO e
PH

                                                                                   4.9 
The standard Gibbs free energy change for the formation of H2O is given by [187]: 
2
58900 13.1H OG T                                                                              4.10 
By combining equation 4.9 and equation 4.10: 
 
2 ( 58900 13.1 )
22
2
2
( )
T
R TPH OPO e
PH
 
                                                                       4.11 
From the last equation and by controlling the ratio of the concentration of H2 and H2O, 
one can calculate the theoretical values of PO2. For example, if the partial pressure of 
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water vapour and H2 are 1000 and 999000 ppm respectively, the PO2 at 523 K will be 
about 3 × 10
-50
 atm. 
Antoine‟s equation is an empirical equation that describes the relation between the vapor 
pressure and it‟s‎temperature‎[188]  
10 0
log ( ( ))
( )
B
P mmHg A
T C C
 

                                                                                     
4.12 
where A, B, and C are Antoine coefficients that vary from substance to substance. These 
constants for the reaction in equation 4.8 are: 8.07131, 1730.63 and 233.426 respectively 
[189]. T   represent the temperature of the water. Table 4.2 shows the vapor pressure for 
different water temperatures. It is straight forward to put the partial pressure in ppm since 
we know that at 760 mmHg (1 atm.) the total concentration is 10
6
 ppm.   
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Table ‎4.2. Water vapor pressure and water vapor concentration in pure water at 
different temperatures 
 
T (ºC) 
 
Log10 P 
 
P (mmHg) 
 
H2O × 10
3
 (ppm)  
 
% H2O 
 
0 0.66 5 6031 0.60 
15 1.11 13 17013 1.70 
20 1.24 18 23102 2.31 
25 1.38 24 31580 3.16 
30 1.50 32 41930 4.19 
40 1.74 55 72901 7.29 
50 1.97 93 121918 12.19 
60 2.17 150 196842 19.68 
70 2.37 234 307789 30.78 
80 2.55 355 467408 46.74 
90 2.72 525 691258 69.13 
100 2.88 760 1000000 100.00 
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4.3 SAMPLE PREPARATION  
For the synthesis of Zn thin films using DC sputtering, a high purity Zn target was 
used. Before sputtering, the gass substrates were ultrasonicated in acetone for 30 
minutes. The Zn target was cleaned before each experiment by a pre-sputtering 
process for 30 s. The base pressure in the sputtering chamber was less than 3×10
-6 
Torr and the working presser was set to 7 mTorr by adjusting the Ar gas flow at 60 
sccm. The deposition of Zn thin film was carried out using 100 watt power for 20 
minutes.  
4.4 SET-UP FOR CREATING THE DESIRED PO2 
 
Figure 4.2 shows the schematic of the experimental set-up used for creating the desired 
PO2 of Zn films. In the beginning, the prepared Zn film was placed in a tube furnace 
(OTF-1200X from MTI Corp.). H2 gas (14.7 psi (1 atm)) was introduced through 
calibrated flow meter to a closed flask containing deionized water and then to the tube 
furnace. The concentration of H2O above the surface and the variation of the ratio 
between the water vapor and the hydrogen (H2/H2O) was achieved by heating the 
deionized water at different temperatures (from 20 °C to 60 °C). The Zn thin films were 
annealed in the tube furnace at different temperatures (from 400 ºC to 800 ºC). The 
concentration of water vapor, Gibbs free energy and the PO2 are calculated and listed in 
Table 4.3. All experiments were carried out in the fume hood due to flammability of the 
gas and all samples were tested at the same environmental conditions.  
 
 
100 
 
 
Figure ‎4.2. Sketch displaying the set-up used for controlling the oxidation of Zn 
films in H2/H2O mixture 
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Table ‎4.3. Variation of the PO2 obtained by manipulating the H2/H2O mixture 
 
Water Temp. (ºC) 
(+/- 0.5° C) 
 
 
Film Temp. (ºC)  
(+/- 1° C) 
 
% H2O 
 
 
ΔG‎(cal.) 
 
× 10
3
 
PH2O/PH2 
 
 
PO2 (atm) 
 
 
20 200 2.31 -52.7 0.0236 1 E-52 
20 400 2.31 -50.1 0.0236 2 E-36 
20 600 2.31 -47.5 0.0236  9 E-28 
20 800 2.31 -44.8 0.0236 3 E-22 
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4.5 MICROSTRUCTURAL EVOLUTION IN ZnO FILMS 
FABRICATED FROM Zn FILMS OXIDATION IN H2/H2O 
MIXTURE 
 
Structural and microstructural examination of the as prepared Zn film and the ZnO films 
products after each of the oxidizing reactions was conducted by XRD and FE-SEM. 
Figure 4.3 shows the FE-SEM images of as deposited Zn film and ZnO films oxidized for 
2 hours in H2/H2O mixture at 400, 600 and 800 ºC. The as deposited Zn film (4.3 (a)) 
shows rough morphology and a high density of nanoparticles. Figure 4.3 (b-d) represent 
the FE-SEM images of ZnO films oxidized at different PO2: 2E-36 atm., 9E-28 atm. and 
3E-22 atm. corresponding to annealing the samples in 2.31 % H2O and 97.69% H2 at 400 
ºC, 600 °C and 800 ºC respectively. The FE-SEM micrograph of the ZnO sample 
oxidized at 400 ºC show that the films morphologies start to change. As the annealing 
temperature increases from 400 °C to 600 ºC, the ZnO film shows porous surface 
compared to as deposited Zn film and ZnO film oxidized in H2/H2O mixture at 400 ºC. 
Figure 4.3 (d) shows the FE-SEM micrograph of the ZnO film oxidized in H2/H2O 
mixture at 800 ºC, it appears that the surface of the film turned from continuous and 
dense to individual islands and grains.   
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In order to confirm that the morphology change was the result of oxidation of the Zn thin 
films at very low PO2,
 
a series of Zn samples prepared by DC sputtering at the same 
conditions were annealed in air (0.21 atm. O2) at different temperatures (from 400 °C to 
800 ºC). Figure 4.4 displays the FE-SEM micrographs of the ZnO film oxidized in air. As 
can be seen, by increasing the annealing temperature, the small ZnO grain size coalesce 
together to make larger grains with inhomogeneous distribution. Figure 4.5 displays a 
comparison in morphology between the ZnO samples annealed at 800 °C in H2/H2O 
mixture and in air. As can be seen the grain size and the density in both samples are 
clearly different.  
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Figure ‎4.3. FE-SEM micrographs of (a) as prepared Zn films and ZnO films 
annealed for 2 hours  in H2/H2O mixture (2.31 % H2O) at (b) 400 (c) 600 and (d) 800      
°C 
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Figure ‎4.4. FE-SEM micrographs of (a) as prepared Zn films and ZnO thin films 
annealed for 2 hour  in air at (b) 400 (c) 600, and (d) 800 °C 
 
 
 
106 
 
 
 
 
Figure ‎4.5. FE-SEM micrographs of ZnO thin films prepared by oxidizing metallic 
Zn at 800 °C (a)  in H2/H2O mixture, and (b) in air 
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To investigate the structural aspects of the as-prepared Zn and ZnO thin films oxidized in 
air and low PO2 systematic analysis of their XRD patterns was carried out. Figure 4.6 
shows the XRD patterns of as prepared Zn film and ZnO films annealed at different 
temperatures (400, 600 and 800 ºC) in H2/H2O mixture. Figure 4.6 (a) shows that all 
XRD peaks of the as prepared Zn film are assigned to the typical pattern of hexagonal 
structure Zn. Figure 4.6 (b-c) show that all the XRD peaks correspond to wurtzite 
hexagonal structure ZnO. The absence of the Zn characteristic peak located at 2𝜃 = 42° in 
Fig. 4.6 (b-c) indicates the full transformation of Zn into ZnO. By increasing the 
annealing temperature to 800 ºC, we found that all XRD peaks disappeared, as seen in fig 
4.6(d/), due to the melting of the film as was confirmed by FE-SEM (Fig. 4.6 (d)).  
Figure 4.7 shows the XRD patterns of Zn films oxidized in air at 400, 600 C and 800 ºC. 
As clear from the figure, the intensity of the annealed ZnO peaks increase by increasing 
the annealing temperature from 400 to 800 °C. In addition, the FWHM of the 
characteristic XRD peak of ZnO (2𝜃 = 36.2º) decrease by increasing the annealing 
temperature which means that the crystallite size increases.   
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Figure ‎4.6. XRD  patterns of (a) as prepared Zn film  and ZnO films oxidized in 
H2/H2O mixture at  (b) 400 °C (c) 600 ºC, and (d) 800 °C 
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Figure ‎4.7. XRD patterns of (a) as prepared Zn film and ZnO films oxidized in air at 
(b) 400 °C (c) 600 ºC, and (d) 800 °C 
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CHAPTER 5 
GAS SENSING BEHAVIOR OF ZnO-BASED THIN FILMS 
 In this chapter, the gas sensing behavior of the M/ZnO (M = Ag, Au or Pt) thin films 
towards hydrogen as a function of temperature at different H2 concentrations was 
investigated and compared with that of pure ZnO. All the films showed promising 
response towards H2 even at very low concentration (close to part per billion (ppb) level). 
Among them, the performance of Pt/ZnO film was the most promising with the highest 
response and shortest response time.  The effect of the density of Pt nanostructures on the 
performance of gas sensing was investigated. the optimal operating temperature (in terms 
of higher response signal and shorter response time) of the Pt/ZnO sensors was 300ºC 
while in the case of Ag- and Au/ZnO films, the optimum temperature was 400ºC. A 
plausible mechanism for the observed enhancement in the sensing behavior of Pt/ZnO 
sensor towards H2 is proposed. The response of the Pt/ZnO sensors toward NO2 and NH3 
was also investigated.  
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5.1 GENERAL MECHANISM OF ZnO GAS SENSING 
In order to understand the physics behind the change in the electrical resistance when 
metal oxide semiconductors, such as ZnO, are exposed to specific adsorption, it is useful 
to start with the concept of band bending in semiconductor. This was which introduced 
for the first time by Schottky and Mott in 1938 to explain the metal-semiconductor 
contacts [190]. This concept is central to explain the operation mechanism for gas 
sensors.  
5.1.1 METAL/ ZnO CONTACT  
When a metal comes into contact with ZnO, which is n-type semiconductor, free 
electrons will transfer between metal and ZnO based on the work function difference. If 
the work function of metal (φm) is greater than the work function of the ZnO (φs), the 
electrons will flow into metal until Fermi level in both sides become the same (left side of 
Fig. 5.1). These electrons will leave positive charge at the interfaces resulting in a 
depletion region.‎The‎ term‎“depletion‎ region”‎ refers‎ to‎ the‎ insulating region within the 
conduction band where the free electrons have been forced away to move toward the 
surface by an electric field [191,192]. As the electron in the ZnO experiences repulsion 
from the negative charge located in the metal side, the potential energy of the electron 
will increase and the ZnO band bends upward [192]. The surface barrier (φSB) created 
during this contact can be defined by the following formula: 
φSB = φm – χs                                                                (5.1) 
where‎χs is the electron affinity. 
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On the contrary, when‎ φs>φm (right side of Fig. 5.1), electrons will move into ZnO 
leading to a positive charge on the metal and extra electrons accumulate at the interface 
resulting in an accumulation layer, and the bands of ZnO will bend downward.  
 
             Figure ‎5.1. Energy band diagram of metal/ZnO contact [192] 
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5.1.2 GAS ADSORPTION INDUCED BAND BENDING  
Similar to metal/ZnO contact, the bands of the ZnO can be bent upward or downward 
depending on specific adsorption of atoms. If one grain of ZnO (Fig. 5.2 (a)) is exposed 
to atmospheric oxygen, and due to the high electronegativity of the oxygen,electron 
transfers from the conduction band to the adsorbed oxygen, adsorbed O2
−
, O
−
, and O
2−
 
ions are formed. This leads to the depletion of electrons and creation of a space charge 
region near the surface of ZnO. As the electron in the ZnO experiences repulsion from 
the negative charge located on the surface, the potential energy of the electron will 
increase and the bands bend upward (fig 5.2 (b)).  
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Figure ‎5.2. Schematic representation of (a) adsorbed oxygen on one grain of ZnO 
(b) the band structure in the presence of absorbed oxygen. 
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It has been proved experimentally that dominant oxygen species are temperature 
dependent as follows [193]:  
1- Molecular O2 below 150 °C 
2- Atomic O- between 150 °C and 300 °C 
3- Atomic O2-  above 300 °C 
The sequence of reactions leading to this is shown below: 
 O2 (air) +  ZnO surface              O2 (ads)  (5.2) 
 
 O2 (ads)  + e
-
                  O
-
2 (ads)               (5.3) 
         
        O
-
2 (ads) + 2 e
-
                  2 O
-
2 (ads)                        (5.4) 
 
When the surface of ZnO is exposed to reducing gases such as hydrogen, the reduced gas 
reacts with the adsorbed charged oxygen species on the surface of ZnO leading to a 
donation of electrons to the conduction band and the conductivity is seen to increase 
[194].  
2Xgas + 2O
-
(ads)                      2XOgas + e
-                                  
    (5.5) 
2Xgas + O
2-
(ads)                                    2XOgas + 2e
-
                        (5.6) 
 
where X is the reducing gas of interest. 
Figure 5.3 (a) shows the schematic of two ZnO grains with high barrier high due to the 
presence of adsorbed oxygen, when hydrogen gas, for example, is introduced to the 
surface of ZnO, the barrier high is reduced (Fig.5.3 (b)) so electrons can move from one 
grain to another leading to the reducing of the resistivity. 
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Figure ‎5.3. Sensing model of ZnO showing the depletion region and energy 
barrier (eVs) at the intergranular contact when (a) atmospheric oxygen, and          
(b) reducing gases adsorbed on its surface 
 
 
 
 
 
 
 
 
 
 
 (a) 
 (b) 
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Since the depletion layer and barrier height are the key factors in the gas sensing 
mechanism, it might be useful to calculate the barrier potential (qVs) and the voltage 
across the depletion region of the ZnO surface.   
Poission equation, that describes the change in the potential as a function of distance 
through the space charge region in one dimensional, is given by [191]: 
2
2
0
( )d V q x
dx

 
                                                                          (5.7) 
Where V is the voltage that can be related with the electric field as  
dV
E
dx
                                                                                 (5.8) 
( )x  represents the net density of charges in the space charge region. 
( ) ( )d ax n p N N                                                              (5.9) 
  is the dielectric constant of the ZnO which is around 10 [195] and 0  is the 
permittivity of free space.  
To simplify equation 5.7 let us assume:   
A- The minority carrier is negligible (p = 0).  
B-  The majiorty carrier in the depletion layer is negligible ( n = 0 when 0 < x < x0) 
where x0 is the thickness of the depletion layer. 
C-  At x > x0, n = Nd 
Now equation 6.7 can be rewritten after using the above boundry conditions of equestion 
5.9 and by adding equation 5.8 as: 
2
02
0
0
0
0
d
d V q dE
N x x
dx dx
x x
 

    

  
                                      (5.10)                 
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The first differential equation of equation 5.10 is  
0
0
( ) ( )d
dV q
E x N x x
dx  
                                                                 (5.11) 
From equation 5.11, the electric field at the surface of ZnO, where ( 0x  ) will be: 
0
0
( ) d
q
E x N x
 

                                                                                 (5.12) 
Integration of equation 6.11 yields  
2
0
0
( )
( )
2
dq N x xV x
 

                                                                                (5.13) 
This equation gives the value of the voltage across the depletion layer. The barrier height 
(qVs at x = 0) will be 
2 2
0
02
d
s
q N x
qV
 
                                                                                        (5.14) 
 
5.2 GAS SENSING SET-UP 
Figure 5.4 shows the schematic of the experimental setup used for assessing the gas 
sensing attributes of the films made in this work. A small-volume test-stage, fully 
equipped with sample pad and gold-tipped tungsten contacts, procured from Linkam 
Scientific instruments (Model HFS-600E-PB4, UK) was used as the test chamber (Fig. 
5.5). The unit could be used for temperatures as high as 600 °C and cooled very quickly. 
Commercial grade dry air was used as the background/reference gas. The film resistance 
and change in resistance in the presence of various concentrations of hydrogen were 
measured relative to those in the background air.  A gas tank (1%H2 - balance N2) was 
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used as the test gas source; the concentration of hydrogen in the test chamber was varied 
by mixing with air via digital mass flow controllers (MFCs, Horiba, USA), controlled 
through an external X PH-100 power supply. The signal in the form of film resistance 
was measured as a function of time (i.e., H2 concentrations, at different temperatures) 
using an Agilent B1500A Semiconductor Device Analyzer (SDA) (Fig. 5.6). 
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Figure ‎5.4. Schematic of the sensor testing facility 
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Figure ‎5.5. Photograph of the gas chamber used for gas sensing applications 
 
  Figure ‎5.6. Gas sensing apparatus at CENT, KFUPM 
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5.3 SENSOR FABRICATION 
In order to fabricate ZnO-based thin film sensor, different ZnO-based thin film were   
fabricated by DC reactive sputtering of metallic zinc at 100 W in oxygen for 40 min. on 
Al2O3 substrates with pre-interdigitated Au electrodes (IDE) (240 nm thick with 250 m 
interspace distance) supplied by the Electronic Design Center at Case Western Reserve 
University, Cleveland, USA.  Figure 5.7 shows the FE-SEM of an IDE on Al2O3 
substrate.  
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Figure ‎5.7. Interdigitated electrodes after applying the sensing material 
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As explained in chapters 3 and 4, two different methods were developed to modify the 
surface of ZnO thin films. In the first method, the surface of ZnO thin films was modified 
by incorporating nanostructures of Pt, Au, Ag. In the second method, ZnO thin films 
were prepared by oxidizing of Zn in H2/H2O mixture. In case of the first method, four 
ZnO thin films prepared by DC reactive sputtering technique were prepared. After that, 
one of ZnO thin films was kept as a reference while the rest were Ag, Pt and Au 
deposited followed by subsequent annealing at 600 °C for 3 hours. A description of the 
parameters used for preparing pure ZnO (reference sample), Ag/ZnO, Au/ZnO and 
Pt/ZnO thin films is listed in Table 5.1. It is important to mention that the parameters 
used for depositing metal layers on ZnO thin film are normalized based on the results of 
chapter 3 to have almost the same density of nanostructures on the surface of ZnO thin 
film.   In the second method, Zn thin films were prepared by DC sputtering with the 
following parameters: (a) power: 40 watt (b) time: 20 s (c) working pressure: 4 mTorr. 
After that, the thin film was annealed at 600 ºC in H2/H2O mixture while the temperature 
of the deionized water was 40 ºC.  
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 Table ‎5.1  Sputtering parameters used for preparing pure ZnO, Ag/ZnO, Au/ZnO 
and Pt/ZnO sensors 
 Target Base 
pressure 
(µTorr) 
Working 
pressure 
(mTorr) 
Deposition 
power (watt) 
Deposition 
time 
Target substrate 
distance(cm) 
Sample 
1 Zn 9 4    100 40 min. 10 ZnO 
2 Ag + Zn 9 4    100 (ZnO) 
20 (Ag) 
25 s 10 Ag/ZnO 
3 Au + Zn 9 4    100 (ZnO) 
30 (Au) 
30 s 10 Au/ZnO 
4 Pt+Zn 9 4    100 (ZnO) 
30 (Pt) 
30 s 10 Pt/ZnO 
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5.4  HYDROGEN GAS SENSING MEASUREMENTS 
 Prior to introducing hydrogen, the chamber was purged with dry air for 1h at a flow rate 
of 40 sccm to attain steady-state baseline film resistance, at all temperatures of 
measurements. The main purpose of using air is to use as a reference gas. The 
concentration of hydrogen is presented in ppm (parts per million) units, indicating the 
number of hydrogen molecules per total number of molecules in the mixture. The 
concentration of hydrogen ( ) was varied according to this formula: 
 
where  is the concentration of hydrogen inside the cylinder which is 10,000 ppm, 
 
and  are the flow rate of  hydrogen gas and the air gas respectively.  
5.5 ACTIVE SENSING MATERIAL SYSTEMS 
ZnO is one of the metal oxides that are commonly used for gas sensor applications. Due 
to its unique properties such as low fabrication cost, high electron mobility, nontoxicity 
and good thermal stability, it has been used to detect many gases. However, the response 
of ZnO toward some gases is still low and cannot satisfy current requirements for fast and 
trace detection. In the following sections, we study the effect of modifying the surface of 
ZnO thin film by Ag, Au and Pt on gas sensing performance. 
5.5.1 Ag/ZnO SYSTEM 
 
In order to study the gas sensing performance of Ag/ZnO sensor, the two Source 
Measureurment Units (SMU) channels of the SDA system were connected to the two end 
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points of the interdigitated electrodes (IDEs) of the sensor. The voltage of the SMU was 
5V. Figure 5.8 shows the resistance of the Ag/ZnO at 300 °C in air background. As can 
be seen, the resistance of the sensor was constant for 2 hours. Any change in the 
resistance after introducing the hydrogen should be due to the interaction between the 
hydrogen and the surface of the Ag/ZnO sensor.  
Different levels of H2 (75, 150, 300, 600, 1,200) ppm in the temperature range 200-400 
ºC were introduced to the gas chamber to measure the change of the resistivity of the 
Ag/ZnOwith the introduction of H2. The response of the Ag/ZnO sensor operated at 400 
ºC at the above concentrations is presented in Fig. 5.9. Three are a few points to note. 
First, the resistance at all concentrations  decreased in the presence of H2. Second, the 
higher the concentration, the greater the response as expected for sensors. Finally, the 
resistance of the sensor does not return to the initial baseline.  Upon shutting off the H2 
source, the resistance of the sensor does not return back to the initial baseline resistance.   
This can be attributed to the presence of residual H2 over the surface of the sensor.  
Figure 5.10 shows good repeatability of the gas sensor by showing multiple exposures to 
a 600 ppm of hydrogen at 400 °C. The average of the sensor response toward 600 ppm at 
600 °C is about 25.8 % with the standard deviation less than 1.5%.  
In order to study how the sensor acts when the concentration of hydrogen is increased or 
decreased with no purge in between, the hydrogen concentration was varied as 125 ppm, 
250 ppm, 500 ppm, 750 ppm, 1000 ppm followed by going back to 125 ppm. Figure 5.11 
shows that the resistance decreased in the presence of hydrogen and recover backed to the 
initial resistance (which indicates that the sensor is stable.  
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Figure ‎5.8. Stability of the Ag/ZnO thin film resistivity in air at 300 °C 
 
 
 
 
 
 
129 
 
 
Figure ‎5.9. Ag/ZnO thin film response at different H2 concentration at 400 °C  
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Figure ‎5.10. Response of Ag/ZnO thin film to 600 ppm H2 at 400 °C 
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Figure ‎5.11. Ag/ZnO thin film repetitive response time for different concentration of 
H2 at 400 °C 
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The sensing behavior of the Ag/ZnO films towards H2 at different temperatures (25-
400ºC) was also investigated in order to identify the optimal temperature window of 
operation. As expected, the performance of the Ag/ZnO films at room temperature was 
very poor at all levels of hydrogen (75 to 1200 ppm); this can ascribed to the rather high 
film resistance and slow kinetics of interaction between the oncoming hydrogen and the 
adsorbed oxygen species at the surface.  
On the other hand, temperatures above 200 ºC had a significant effect on the response of 
the sensor. As shown in Fig. 5.12, the response increased as the operating temperature 
increased, reaching a maximum value (~ 29%) to 1,200 ppm H2 at 400 
o
C. We also found 
that the baseline resistance of Ag/ZnO device decreased with increasing opertion 
temperature of the sensor from 200 ºC to 400 ºC. This decrease in the resistance of the 
Ag/ZnO sensor is attributed to the increase in number of electrons that escape from the 
valance band to the conduction band with temperature. The electrons transport between 
neighboring grains which increases with the conductivity according to the following 
formula [196]: 
0
s
B
qV
k T
R R e

                                                                                                 (5.15) 
Where R0 is the resistance at Vs (potential energy barrier height) = 0 and kB is the 
Boltzmann constant. 
Figure 5.13 shows that the response time of the Ag/ZnO sensor toward hydrogen is 
temperature and concentration dependent.  
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Figure ‎5.12. Effect of temperature on gas response of Ag/ZnO thin film at different 
concentration of H2 (75, 150, 300, 600, 1200) ppm 
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Figure ‎5.13. Effect of temperature on gas response (T90) of Ag/ZnO sensor at 
different concentrations 
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5.5.2 Au/ZnO SYSTEM 
 
The combination of gold nanoparticles with different morphologies of ZnO to detect 
different gases has been reported in recent years. Fengshou at el. [197] studied the 
influence of Au nanoparticles functionalized flower-like ZnO structure on the response of 
various gases: acetone, ethanol, benzene, methanol and hydrogen. Their results revealed 
that the response of Au at flower-like ZnO was much higher than pure ZnO. In addition, 
they found that the response of Au nanoparticles functionalized flower-like ZnO toward 
acetone is higher than other gases.  Guo et al. [198] found that ZnO nanowires decorated 
with Au nanoparticles displayed enhanced resistivity and, response/recovery time 
towards ethanol. Mun et al. [199] investigated the performance of porous ZnO nanosheets 
functionalized with Au nanoparticles for NO2 detection under UV illumination, and 
showed that the response was higher than that of pure ZnO.  
In our work, the gas sensing performance of the Au/ZnO films was qualified and 
quantified in terms of relative resistance change when exposed to hydrogen-containing 
mixtures at a given temperature. Figure 5.14 shows the response of the sensor exposed to 
hydrogen over a wide range of concentrations (75-1200 ppm) at 400ºC. Clearly, the film 
responded to hydrogen rather quickly; the recovery upon removal of hydrogen was also 
swift and complete. The change of resistance even for the lowest H2 concentration in air 
(75 ppm; limitation of experimental set-up flow meters) is about 21%, indicating that the 
film could detect even lower H2 concentrations.  
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Figure ‎5.14. The dynamic response of Au/ZnO film to various concentrations of H2 
at 400 °C 
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Reproducibility of response over a large number of cycles is an important aspect when 
evaluating the suitability of a sensor device. Figure 5.15 shows the highly repeatable 
response of the Au/ZnO film over four cycles of exposure to 600 ppm H2 at 400°C. The 
sensor was capable of complete recovery upon removal of hydrogen from the stream. The 
average of the sensor response toward 600 ppm at 600 °C is about 66.4 % with the 
standard deviation less than 0.5%.  
The sensing behavior of the Au/ZnO films towards H2 at different temperatures (25-
400ºC) was also investigated in order to identify the optimal temperature window of 
operation. As expected, the performance of the Au/ZnO films at room temperature was 
very poor at all levels of hydrogen concentration; this could be ascribed to rather high 
film resistance and slow kinetics of interaction between the oncoming hydrogen and the 
adsorbed oxygen species at the surface. The film became responsive above 200ºC and the 
response increased with increasing temperature as shown in Fig. 5.16. This could be 
attributed to the contribution of the higher thermal energy  at higher temperatures, 
towards overcoming the activation energy barrier of the interaction at the surface with the 
adsorbed hydrogen. Figure 5.17 shows that the response time of the Au/ZnO sensor 
toward hydrogen is temperature and concentration dependent. From the figure, one can 
conclude that the response time decreased with increasing the hydrogen concentration.  
 
 
 
 
138 
 
 
 
Figure ‎5.15. Response of Au/ZnO sensor to 600 ppm H2 at 400 ° C. 
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Figure ‎5.16. Effect of temperature on gas response of Au/ZnO thin film at different 
concentrations of H2 (75, 150, 300, 600, 1200) ppm 
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Figure ‎5.17. Effect of temperature on response time of Au/ZnO thin film at different 
concentrations 
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In order to study how the sensor response with increasing and decreasing H2 
concentration with no purge in between, the hydrogen concentration was increased from 
75 ppm to 1200 ppm followed by decreasing the H2 flow from 1200 ppm to 75 ppm. 
Figure 5.18 shows a rather excellent reversibility aspect (the so-called staircase behavior) 
of the sensor film in the ascending and descending mode of hydrogen level at 400°C. 
This behviour indicates that the sensor is in stable mode and responds dependably at 
different concentrations.  
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Figure ‎5.18. Response of Au/ZnO sensor with increasing and decreasing the H2 
concentration with no purge of air in between. 
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5.5.3 Pt/ZnO SYSTEM 
 
Platinum is one of the metals that combined with metal oxides for detecting 
different gases such as H2, NO2, CO. The combination of Pt with ZnO thin film 
has been studied by different research groups [200-203]. However, most of the 
research in the literature focused on doping ZnO by different concentration of Pt. 
There are only few studies which focused on the functionalization of the surface of 
nanostructured ZnO by Pt nanoparticles [204-206]. In chapter 4, we introduced a 
novel method to modify the surface of ZnO thin films by Pt nanoparticles. In this 
section, the gas sensing performance of Pt/ZnO sensor toward H2 is investigated.  
Figure 5.19 shows the response of Pt/ZnO sensor for different concentration of H2 
(75, 150, 300, 600, 1200) ppm at 400 ºC. It is clear from the figure that the sensor 
is able to detect 75 ppm of H2 with response reach to 60 % .This means that the 
sensor is promising for detection down to ppb level. Unfortunately, due to the 
limitation of our system (MFC) we were unable to test the ability of the sensor for 
detecting the H2 in the ppb level. For comparison, the response of Ag/ZnO, 
Au/ZnO and Pt/ZnO sensors for 75 ppm of H2 at 400 ºC is 6, 21 and 60 % 
respectively.   
From Fig. 5.19 we can also observe that as the H2 concentration was increased 
above150 ppm, the response of the sensor seemed saturate. In addition, we found 
that the resistance of the sensor at low concentration (75 ppm and 150 ppm) does 
not fully come to the back to the initial baseline resistance. This can be explained 
due to the presence of some hydrogen residue left on the surface of the sensor. It is 
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not clear why this reduction in the resistance appears mostly at low concentrations, 
and not at higher concentrations. Figure 5.20‎ demonstrates‎ the‎ sensor‟s‎
repeatability by showing multiple exposures to a 600 ppm concentration of H2 at 
400 ºC. The average of  the Pt/ZnO sensor toward hydrogen at 400 °C is about  
91.97% and the standard deviation is less than 0.8%. 
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Figure ‎5.19. Pt/ZnO thin film response at different H2 concentration at 400 °C 
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Figure ‎5.20. Response of Pt/ZnO thin film to 600 ppm H2 at 400 °C 
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The influence of the operation temperature on the Pt/ZnO sensor performance toward H2 
was studied. Figure 5.21 shows the effect of operation temperature on the performance of 
Pt/ZnO toward H2 sensing. Three important points can be noticed in Fig. 5.21. First, the 
optimum operating temperature at low concentration (75, 150, 300) ppm is 300 ºC while 
it was 400 ºC in case of Ag/ZnO and Au/ZnO sensors. At high concentration (600 ppm, 
1200 ppm) the response are almost the same for the three temperatures (200, 300, 400 
°C) °C. This means that Pt/ZnO sensor has not only enhanced the response, but it also 
reduced optimal operating temperature. Figure 5.22 shows that the response time of the 
Pt/ZnO sensor toward hydrogen is temperature and concentration dependent. From the 
figure, one can conclude that the lowest response time  was recorded at 300 °C at all 
levels of hydrogen.  
 In order to study how the sensor responds with increasing and decreasing the 
concentration of  H2, with no purge in between, the hydrogen concentration was 
increased from 75 ppm to 1200 ppm. Figure 5.23 shows that the resistance decreases with 
increasing the concentration of hydrogen and recovers back to the initial resistance when 
the hydrogen flow is stopped. This indicates that the sensor is stable and the response 
properly designates concentrations.   
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Figure ‎5.21. Effect of temperature on gas response of Pt/ZnO thin film at different 
concentration of H2 (75, 150, 300, 600, and 1200 ppm)  
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Figure ‎5.22. Effect of temperature on gas respond time of Pt/ZnO thin film at 
different concentration of H2 
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Figure ‎5.23. Pt/ZnO thin film repetitive response for 75, 150, 300, 600 and 1200 ppm 
H2 at 400 °C 
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5.5.4 COMARTIVE STUDY OF THE ROLE OF NOBLE 
METALS TOWARD HYDROGEN SENSING 
 
Figures 5.24 and 5.25 provide a comparison of the response and response time of 
different sensors (pure ZnO, Pt/ZnO, Au/ZnO, Ag/ZnO) to 300 ppm, 600 ppm and 1200 
ppm of H2 at 400 ºC. As can be seen, the response of the Pt/ZnO is the greatest followed 
by Au/ZnO sensor while Ag/ZnO sensor does not show significant improvement over 
pure ZnO. In addition, the Pt/ZnO sensor shows the fastest response followed by Au/ZnO 
sensor.  
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Figure ‎5.24. Comparison of the response of different sensors (ZnO, Ag/ZnO, 
Au/ZnO, Pt/ZnO) to (300, 600, and 1200 ppm) of H2 at 400 °C 
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Figure ‎5.25. Comparison of the response time of different sensors (ZnO, Ag/ZnO, 
Au/ZnO, Pt/ZnO) to (300, 600, and 1200 ppm) of H2 at 400 °C 
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There are two possible mechanisms that might explain the improvement of the response 
and the response time of M/ZnO comparing with pure ZnO. One is the spill-over 
mechanism and the second is the Fermi energy control. Spillover refers to the process in 
which metals such as (Pt, Au, Ag) dissociate the gas molecule to atoms, then the atom 
can spillover onto the surface of the semiconductor sensor [207]. Spillover of H2 and O2 
on the noble metals has been reported by different researchers [208-210].  
In order to understand the role of noble metals in the dissociation of gas molecules, one 
may assume that the metal is Pt and the gas is H2. It has been reported that the bonding 
energy of the hydrogen atoms to each other is similar to the bonding energy of hydrogen-
platinum atoms [211]. This means that little energy is required for freeing the H2 atoms 
and forming Pt-H bond. However, the Pt-H bond is relatively unstable and adding 
electrons to the platinum from the ZnO surface should therefore weaken this bond [211]. 
Weakening the platinum hydrogen bond should lead to a lower activation energy and 
increase the probability of a reaction [211]. After the hydrogen atoms dissociate, they 
diffuse to the ZnO surface to react with reactive surface oxygen species (especially O2
--
). 
For the above process to be possible, the spilled over species are able to transfer from the 
surface of the metal to the grain boundaries or the inter-granular contact of ZnO grains 
(Fig. 5.26). As a consequence, for a metal to be effective, there must be good dispersion 
of the metal on the surface of ZnO thin film.  
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Figure ‎5.26. Gas sensing mechanisms based on spillover effect of Pt nanostructures 
dispersed on ZnO grains 
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The second possible mechanism that noble metals might enhance the gas sensing 
performance of pure ZnO is by Fermi energy control.  As mention in section 5.1.1, at 
metal/ZnO contacts, due to the work function difference between the metal and ZnO, the 
free electrons can transfer between ZnO and the metal. Since the work function of the 
metal that we used (Pt, Au, Ag) are higher than the work function of the ZnO (Table 5.2), 
the electrons will transfer from the ZnO to the metal. When oxygen molecules or atoms 
are adsorbed on the surface of the additives, they easily remove electrons from the metals 
which will remove electrons from the ZnO conduction band leading to increasing of the 
resistivity. In contrast when H2 atoms are adsorbed on the surface of the additives, 
electrons will get injected to the surface of ZnO, decreasing the resistivity of the M/ZnO 
film. Figure 5.27 shows schematically the above two mechanisms.  
157 
 
 
 
Figure ‎5.27. Spill-over and Fermi energy control mechanisms 
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Now, we are ready to answer the question why Pt/ZnO sensors show the highest response 
and lowest response time among the different prepared sensors. According to the 
equation 5.14,  the degree of the band bending and the depletion layer is propositional to 
the square root of the barrier potential. Figure 5.28 illustrates the energy band diagram of 
the (Ag-Au-Pt)-ZnO systems before and after contact. In the case of Ag/ZnO sensor and 
since the electron affinity of ZnO (4.09 eV) is close to the work function of silver (4.26 
eV), few electrons will transfer from the ZnO to the silver and the barrier height 
(Schottky barrier) between the ZnO and the silver will be small. However, in the case of 
Pt/ZnO sensor, due to the greater value of the work function of Pt (6.35 eV) [212], the 
degree of band bending will be higher resulting in high resistance. When the prepared 
sensors are exposed to hydrogen, the change in the Schottky barrier in case of Pt/ZnO 
will be greater than of the other‎ sensors.‎This‎means‎ the‎change‎ in‎ the‎ resistance‎ (ΔR)‎
resembling response is higher for Pt, as experimentally observed in this work.  
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Figure ‎5.28. Energy band diagram showing the effect of the work function on the 
depletion region and hence the response of the metal/ZnO sensor 
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Table ‎5.2  Work function of elements, in units of electron volt (eV) [213] 
 
 
 
Element Work function (eV) 
Ag 4.26 
Au 5.10 
Fe 4.50 
Pt 6.35 
Nb 4.30 
Ir 5.27 
Cu 4.56 
Pd 5.12 
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5.6  EFFECT OF THICKNESS OF THE Pt THIN FILM ON THE 
RESPONSE OF Pt/ZnO SENSOR 
The dependence of the response of Pt/ZnO sensor on the density of the Pt on the surface 
of ZnO thin films was also investigated.  In order to control the thickness of Pt films, the 
deposition time varying from 5 s to 50 s (5 s, 10s, 30s, 50s) while other deposition 
parameters were left constant for preparing Pt/ZnO sensor described in section 5.3. After 
preparing Pt/ZnO thin films, the samples were annealed at 600 ºC for 4 hours. Figure 
5.29 gives the response of the prepared sensors versus H2 concentration at 400 ºC. From 
the figure., it can be seen that the response of the prepared sensors slightly increased with 
decreased sputtering deposition time of Pt nanostructures especially at low hydrogen 
concentrations. According to the model described in section previous section, it was 
expected that the response of the prepared sensor increase by increasing the Pt deposition 
time since the depletion layer, the barrier height (qVs) and the initial resistance increase 
by increasing the thickness of Pt. However, it seems that if the thickness of the Pt 
increases beyond a critical limit of thickness, the  relative change in the resistance and 
hence the response of the sensor, decrease (Fig. 5.30 (d)). The possible reasons behind 
the reduction of the response of the Pt/ZnO sensor with increasing the density of the Pt 
nanostructures could be electron tunneling between the Pt nanostructures. Due to this 
tunneling, electrons could be lost between Pt grains rather than contribute to the 
conductivity of ZnO.  
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Figure ‎5.29. Effect of the deposition time of Pt on the response of Pt/ZnO sensors at 
(75, 150, 300, 600, and 1200 ppm) of H2 at 400 ºC 
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Figure ‎5.30. Mechanism of the change of the response of Pt/ZnO sensors due to the 
change of the deposition time of Pt (a) without Pt (b) low  
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5.7 REPRODUCIBILITY ASPECTS OF SENSORS 
In order to test the stability of the response and the response time of the Pt/ZnO sensor, 
the response and the response time were tested at different concentrations on three 
different days at the same conditions. Figures 5.31 and 5.32 give the response and the 
response time of the Pt/ZnO sensor measured at five different concentrations (75, 150, 
300, 600, 1200) ppm at 300 ºC on three different days. The results show that the response 
and the response time within three days are not significantly changed.  
In order to evaluate the reproducibility of the sensing materials, two Pt/ZnO sensors were 
prepared at the same condition. Figure 5.33 and 5.34 show the response and the response 
time measured at five different concentrations (75, 150, 300, 600, 1200) ppm at 300 ºC. 
The results show that the response and the response time of both samples are consistently 
close to each other. 
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Figure ‎5.31. Response of Pt/ZnO sample versus concentration measured at three 
different days 
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Figure ‎5.32. Response time of Pt/ZnO sensor versus concentration measured at 
three different days 
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Figure ‎5.33. Response versus various concentrations of H2 of two Pt/ZnO sensors 
prepared at the same conditions 
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Figure ‎5.34. Response time versus various concentrations of hydrogen of two 
Pt/ZnO sensors prepared at the same conditions 
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5.8  SELECTIVITY ATTRIBUTE 
Selectivity points to the ability of a gas sensor to identify a specific gas amongst a 
mixture of gases. It is one of the important characteristics of gas sensors. Selectivity is 
considering as one of the major challenges in metal oxide sensors. According to the 
literature, there are four main methods used to improve the selectivity of metal oxide gas 
sensors: introducing additives in the sensing material by means of doping [214], surface 
functionalization [215], using filters [216], and modulation of temperature [217]. In our 
work, in order to test the selectivity of the Pt/ZnO sensor, the response of reducing gas 
(ammonia (NH3)) and oxidizing gas (nitrogen dioxide (NO2)) gas are measured and 
compared with H2.     
5.8.1 SELECTIVITY TOWARD REDUCING GAS (NH3) 
 
In order to test the response of Pt/ZnO sensor toward NH3 (reducing gas), the change of 
the resistivity as a function of time of the Pt/ZnO sensor at different levels of NH3 (50, 
150, 200, 300, 400) ppm at 400 ºC were recorded (Fig. 5.35). From the figure, it can be 
seen that the resistance of the sensor decreases when the NH3 introduced to the gas 
chamber.  
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Figure ‎5.35. Pt/ZnO sensor responses at different NH3 concentration at 400 ºC 
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The possible mechanism for decreasing the resistance of the Pt/ZnO sensor can be 
attributed to the following steps [218]: 
1- First, O2 and NH3 are adsorbed on the ZnO surface as showing in the below two 
equations: 
   
   
2 ads
3 3 ads
½ O g   e O
NH gas NH
    

 
 
 
2- Second, the two adjacent adsorbed species  adsO

 and  3 adsNH  interact via 
hydrogen bonding to form the [NH2.H---O]
−
 complex.  
 
- -
3 (ads) (ads) 2 (ads)NH  + O [NH .H---O]  
 
3- Third, the [NH2.H---O]−‎ complex‎ ‎ further‎ reacts‎ with‎ an‎ additional‎ adsorbed‎
oxide ion leading to release the electrons of the oxygen ions back into the 
conduction band of the ZnO resulting in the decreasing of the resistance of the 
Pt/ZnO sensor film.  
- - -
(ads) 2 (ads) 2 2 O + 2 [NH .H---O] N  (g) + 3H O + 3e  
The comparison between the response of the Pt/ZnO sensor toward H2and NH3 was 
investigated. As seen in the comparison graph, Fig. 5.36, the responses of Pt/ZnO sensor 
toward H2 and NH3 are close to each other. This, unfortunately, means that the selectivity 
of the Pt/ZnO sensor toward reducing gases is poor. However, Fig. 5.37 shows that the 
response time of the sensor toward NH3 is faster comparing with H2. 
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Figure ‎5.36. Comparison of the response of Pt/ZnO sensor toward H2 and NH3 at 
500 ºC 
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Figure ‎5.37. Comparison of the response time of Pt/ZnO sensor toward H2 and NH3 
at 500 ºC 
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5.8.2 SELECTIVITY TOWARD OXIDIZING GAS (NO2) 
 
The response of the Pt/ZnO sensor toward oxidizing gas (NO2) was also investigated and 
compared with the response to H2 at same concentration and temperature. Figure 5.38 
shows the resistance versus time for Pt/ZnO sensor exposed to (50, 100, 200) ppm NO2 at 
400 °C. The resistance of the sensor increases by increasing the NO2 concentration.  
The sensing mechanism for NO2 can be summarized in two steps. First, oxygen 
molecules adsorbed on the surface of ZnO capture electrons from conduction band of the 
ZnO and produce ionic species, forming an electron inversion layer and causing upward 
band bending resulting in increased resistance. Second, 2 ( )NO ads

 react with the O
-
 
species resulting in further decreasing of the resistance. These two processes can be 
described by the following reactions [219]: 
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Figure ‎5.38. Response-recovery time of Pt/ZnO sensor at three different 
concentrations of NO2 at 400 ºC 
 
 
 
 
 
 
176 
 
By comparing the response time of the Pt/ZnO toward H2 and NO2 at 400 ºC, one can see 
that the response time in case of NO2 is very long. This means that the Pt/ZnO sensor at 
400 ºC cannot be used as NO2 sensor while it can be used as a hydrogen sensor. At higher 
temperature (500 ºC) as seen in figures 5.39 and 5.40, the response of the Pt/ZnO sensor 
toward NO2 is much better as seen in Fig. 5.41. This means that the optimum working 
temperature of Pt/ZnO toward NO2 is 500 ºC while the optimum working temperature 
toward H2 is 300 ºC. This is potential for selectivity. Basically, in chemical gas sensing, if 
the difference between two operating temperatures of two different target gases is large, a 
single sensor could be designed to detect both gases species by modulating the 
temperature.    
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Figure ‎5.39. Response-recovery time of Pt/ZnO sensor at four different 
concentrations of NO2 at 500 ºC 
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Figure ‎5.40. Response-recovery time of Pt/ZnO sensor at four different 
concentrations of H2 at 500 ºC 
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Figure ‎5.41. A comparison of response of Pt/ZnO sensor to H2 and NO2 gases at 500 
ºC  
 
 
 
 
 
 
 
 
180 
 
5.9 ZnO SENSOR PREPARED BY OXIDIZING Zn IN H2/H2O 
MIXTURES 
In the previous sections, we studied the effect of decoration  of the surface of the 
sputtered ZnO thin films by metals on gas sensing parameters. In this section, we 
investigate the gas sensing properties of ZnO thin film prepared by oxidation of metallic 
zinc in H2/H2O mixture. The details for preparing the Zn thin film and the conditions of 
the oxidation process were described in chapter 4.3 and 5.3. 
The gas sensing performance of the ZnO film oxidized in H2/H2O mixture was qualified 
and quantified in terms of resistance change when exposed to hydrogen-containing air 
mixtures at specific operating temperatures. Figure 5.42 shows the response of the film 
exposed to hydrogen over a wide range of concentrations (75-1200 ppm) at 400ºC. 
Clearly the film responded to hydrogen rather quickly; the recovery upon removal of 
hydrogen was also swift and complete.    
Reproducibility of data over a large number of cycles is an important aspect in evaluating 
the suitability of a sensor device. Figure 5.43 shows the highly repeatable response of the 
prepared film over four cycles of exposure to 600 ppm H2 at 400°C. For the effect of 
operating temperature, it can be seen that the maximum response and the lowest response 
time are recorded at 400 ºC (Fig. 5. 44 and Fig. 5.45) which means that the optimum 
temperature for this sensor is 400 ºC. 
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Figure ‎5.42.  Response of pure ZnO sensor to various concentration of H2 at 400 ºC 
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Figure ‎5.43. Response-recovery time of pure ZnO sensor toward 600 ppm H2 at 400 ºC 
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Figure ‎5.44. Effect of the temperature on the response of pure ZnO sensor 
fabricated via oxidizing of Zn in H2/H2O mixture. 
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Figure ‎5.45. Effect of the temperature pure ZnO thin films on the response time of 
the sensor 
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We now compare the response and the response time of the sputtered ZnO thin film  and 
the ZnO thin film prepared by oxidizing the metallic zinc in H2/H2O mixture. Figure 5.46 
shows the response (a) and the response time (b) of both sensors toward different 
concentration of H2 (300, 600, 1200) ppm. We observe two features. First, the responses  
in both sensors are similar. Second, the response time of the ZnO thin film prepared by 
oxidizing the metallic zinc in H2/H2O mixture is considerable smaller than ZnO thin film 
prepared by DC reactive sputtering. The difference in the response time between the two 
sensors can be explained based on the morphology. Fig. 5.46 (c) shows that the surface of 
the ZnO thin film oxidized in H2/H2O mixture is rough with high porosity that might help 
in gas sensing allowing larger interaction with the target gas. On the other hand, the 
surface of pure ZnO thin film prepared by DC reactive sputtering is relatively smooth 
with grain sizes less than 30 nm.  
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Figure ‎5.46. A comparison of (a) the response and (b)  response time of the pure 
ZnO prepared by DC reactive sputtering and pure ZnO prepared by oxidizing of 
Zn in H2/H2O mixture. FE-SEM micrographs of (c) pure ZnO prepared by 
oxidizing of Zn in H2/H2O mixture, and (d) pure ZnO prepared by DC reactive 
sputtering 
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CHAPTER 6 
CONCLUSION 
 The work in this dissertation concentrated on modifying the surface of ZnO-based thin 
films for gas sensing applications. In one method, the surface of sputtered ZnO thin films 
was modified by incorporating metal nanostructures; namely Ag, Au or Pt. The synthesis 
of metal on the surface of ZnO thin films (metal/ZnO) was carried out in three steps. In 
the first step, ZnO thin films were prepared by DC reactive sputtering. In the second step, 
ultra-thin layer of metal was deposited on the surface of ZnO thin films. In the last step, 
the ultra-thin layer of metal was converted to nanoparticles by annealing the M/ZnO thin 
films at different temperature under different atmospheric conditions. 
The growth of continues thin layers of metal on the surface of as synthesized ZnO thin 
films was confirmed by FE-SEM images and XPS depth profile measurements. The XRD 
patterns of as prepared and post annealed ZnO thin films confirmed a preferential 
orientation along the c axis (002) and a peak-shift to higher diffraction angle after 
treatment. The crystal sizes of the metal/ZnO thin films calculated using Sherrer equation 
increased by increasing annealing temperature. FE-SEM images of metal/ZnO thin films 
show that the size and density of the metal nanoparticles (number of particles per unit 
area) on the surface of the ZnO thin films can be controlled by means of deposition time 
and post annealing treatment.  
The optical properties of the films were studied by UV–Vis spectrophotometry. A 
reduction in optical band gap was observed after the heat treatment with a slight increase 
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in transmittance. In addition to prepared metal/ZnO thin films, we succeeded to prepare 
Ag nanorings on the surface of ZnO thin films by annealing Ag/ZnO thin films in a tube 
furnace at 600 ºC in N2 atmosphere for 4 hours. FE-SEM showed that the rings have an  
inner and outer diameter of about 600 nm and one µm respectievly.  
ZnO thin films were prepared by another method. The surfaces of the sputtered Zn films 
were modified by varing the oxygen partial pressure (PO2). In this regard, we first 
calculated the theoretical values of PO2 needed for oxidation of ZnO as a function of 
temperature based on the thermodynamics of Zn/ZnO coexistence. We then controlled 
the PO2 of Zn films by manipulating the ratio of H2 and H2O species. We found that the 
microstructural feature of the surface of ZnO changed by the variation of the oxygen 
partial pressure and annealing temperature.  
The gas sensing performance of the prepared sensors toward H2, NH3 and NO2 was 
tested. Our results showed that all the metal/ZnO thin films exhibited excellent response 
towards H2 even at very low concentration (close to ppb level). We found that the 
performance of Pt/ZnO film was the most promising with the highest response and 
shortest response time. It was also found that the gas response of the Pt/ZnO films was 
inversely proportional with the deposition time of the precious metal. The optimum 
temperature of operation of the Pt/ZnO sensor was 300ºC while in the case of Ag and 
Au/ZnO films it was 400ºC. 
 In order to test the selectivity of Pt/ZnO sensor, the response and response time toward 
NO2 (oxidizing gas) and NH3 (reducing gas) were investigated. Our results showed that at 
temperature lower than 400 ºC the response time of Pt/ZnO sensor toward NO2 is too 
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long. By comparing the response and the response time of the as prepared ZnO thin film 
and ZnO film oxidized in H2/H2O toward H2, we found that the response time of the latter 
sensor was shorter.  
 RECOMMENDATION FOR FUTURE WORK 
Based on our results and observations in this work, the following issues are 
recommended for future investigation: 
 Study of the gas sensing mechanism for quantitative/qualitative description of 
chemical sensing behavior for different gases. 
 Test the response of other oxidizing gases to further verify the proposed sensing 
mechanism. 
 Numerically model the proposed sensing to explain the role of noble metals in gas 
sensing. 
  Develop a model to study the transient response behavior with flow rate and film 
thickness.  
 Investigating the depth profile of the deposits films as a function of XPS ion 
sputtering time.   
 Study the thickness of the deposits films through cross-section measurements of 
the films. 
 Investigate the porosity of the thin films with annealing and the possible 
correlation as sensing sensitivity. 
 Study the synthesis of silver nanorings on the ZnO films, and model its nucleation 
and formation process. 
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 Explain why the ZnO film becomes brittle when annealed @ 800 ºC in H2/H2O 
mixture. 
 Investigate the reason(s) behind the difference between morphological features of 
ZnO films annealed, at different temperature, in air and H2/H2O mixture. 
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